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FOREWORD 


This  report  m*  prepared  by  the  Space  Systee/5  Division  of 
Avco  Corporation,  under  U.S.  Hsvy  Contract  entitled 

''Research  or  the  Micro* trueture  of  Polycrystai-u^c  Refractory  Oxides .  ’ 

The  work  ms  administered  under  the  direction  of  the  U.S.  Dsp&rtaent 
of  the  Havy,  Mr  Systems  Canaaad,  vith  Mr.  Charles  F.  Bersch,  Code 
AIR-5C03SA,  acting  as  project  engineer. 

This  report  covers  work  conducted  fro®  25  March  1966  to  2k  April  1967, 

The  writer*  are  pleased  to  acknowledge  the  contributions  of  the 
following  indi cl duals  to  this  prograa;  R„  Gardner  for  ceranographic 
preparation,  W.R.  Mitchell,  J.  Centorino  and  P.  Daniels  for  materials 
preparation,  P.  Burnett  and  P.  Houck  for  electron  microscopy,  R.M.  Haag 
and  P.  Bemeburg  for  X-ray  studies,  and  R.M.  Haag  and  A.S.  Bufferd 
for  useful  discussions. 
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ABSTRACT 


A  program  to  fabricate  dense,  polycrystalline  high -purity  alumina 
and  magnesia  has  begun.  Fin* -particle  site  powder*  of  suitable  purity 
b we  been  obtained  and  characterised.  Techniques  for  analysis  and 
handling  of  these  high-purity  powder*  established  end  initial 
fabrication  experiments  had  a  limited  success. 

Hot  working  polycrystalline  alumina,  utilising  a  press  forging 
technique,  was  extensively  investigated.  Primary  recrystallization  followed 
the  working  end  resulted  in  either  single  crystals  (strain -anneal 
technique  )  or  relatively  fine-grained  structures.  The  ba*.  texture 
present  after  recrystaUlsaticn  was  identical  to  the  deformation 
texture;  this  and  the  equl&xed  recrystallised  structures  suggested 
that  oriented  nudeatlon  was  important.  At  larger  grain  sizes ^  an 
elongated  grain  structure  was  observed  sad  was  attributed  to  oriented 
growth.  The  marked  basal  texture  suggested  that  basal  slip  vc*  the 
predominant  deformation  mode;  the  probability  of  other  deformation 
mechanisms  was  also  discussed. 

Addition  of  1/kiL  MgO  retarded  recrystalllzatlon  and  a  number 
of  such  samples,  possessing  a  pronounced  basal  deformation  texture, 
were  used  for  mechanical  properties  determination.  The  working  led  to 
no  less  of  structural  integrity,  and  the  strength  was  surprisingly  constant 
with  grain  size,  at  least  in  the  range  3*5-10.5  microns.  The  larger- 
grained  worked  samples  were  stronger  than  hot-pressed  samples  of 
equivalent  porosity  and  grain  size. 

The  high  ductility,  up  to  79^  height  reduction  being  achieved 
without  mutch  difficulty,  suggested  that  hot  working  could  be  used 
to  produce  shaped  bodies. 
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I.  IWTRODUCTICW 

This  program  is  -orcemed  with  a  general  study  of  the  effects  of  micro- 
structure  and  chemistry  m  the  physic c -mechanical  properties  of  oxide  ceramics* 

Work  has  started  .x  tae  fjibricaticn  of  high  density  polycrystslllne 
alumina  and  magnesia  c  b start! ally  higher  purity  than  presently  available . 

Particular  attention  wl  i3vot.?'l  to  the  procurement  and  characterization  of 
the  necessary  high  yurit.,  povdrrs  and  initial  fabrication  experiments  were 
started. 

A  major  effort  .  f  ti.e  program  was  devoted  to  the  processes  and  mechanisms 
involved  In  hot  working  .luainn.  Primary  recrystallizaticn  following  the  hot 
working  was  observed,  a..  i  the  resulting  mlcrostructures  varied  with  the  amount 
of  working.  Deformities,  reduced  a  pronounced  bisal  texture,  which  was  main¬ 
tained  upon  recrystalli.  &  slon.  Additions  of  l/t'jt  MgO  was  found  to  markedly  re¬ 
tard  recrystallizab:  r  xd  a  :.u  -.er  of  such  deformed  (but  not  recrystallized) 
samples  were  subject -r  mechn  .  al  tests.  The  hot  working  did  not  cause 

any  loss  of  structure.  .  .zegrit  and  the  strength  of  the  samples  was  relatively 
Insensitive  to  grain  :i,i,  at  leust  in  the  range  3  to  10  u.  The  high  ductility 
exhibited  during  workir  was  attributed,  at  least  in  part,  to  the  onset  of 
rhooibohedral  slip. 

Flame-polishing  .  -ly  crystalline  alumina  and  cr air  .n-owth  In  ultra  high 
pressure  sintered  a&sxt  wer  also  studied. 


II.  SYMTHE3I3  OF  Da.  ..  nIGH  -  l.-dTi  CERAMICS 

2 . 1  Int roductl cu 


Many  of  the  ph, ileal  properties  which  have  been  determined  far  ceramic 
materials  are  believe;]  to  be  extrinsic  (l.e.,  impurity  controlled).  This  is 
particularly  true  for  nur..  point -defect-sensitive  properties  as  electrical 
conductivity  and  diffusion.  The  mechanical  properties  cf  both  single  and  poly- 
crystalline  metals  and  ceramic  single  crystals  are  known  to  be  defect-sensitive . 
It  la  probable  that  the  -ame  is  true  for  poly cry s talllne  ceramics,  and  the 
present  work  was  the  initial  step  in  testing  this  thesis.  Considerable  efforts 
have  been  expended  In  the  past  in  characterizing  the  strength  dependence  on 
microstructure  for  materials  vliich  had  as  a  basis,  Linde  A  AI2O3  (99-9&f>) 
and  Fisher  Electronic  Grade  MgO  (99-  *$).  Recently,  Ieipoldv^ehowed 
that  MgO  of  this  purity  developed  visible  grain  boundary  precipitates  upon 
heat  treatment,  and  that  as-hot-pressed  material  certainly  had  grain  boundary 
impurity  segregation  if  not  a  second  phase.  It  Is  most  probable  that  the 
mechanical  properties  of  polycrystalline  MgO  are  controlled  by  these  Impurities, 
and  similar  effects  are  almost  certainly  important  in  AI2O3.  The  objective 
of  the  present  program  was  to  obtain  dense  materials  significantly  purer  than 
the  above  mentioned  AI2O3  and  MgO. 

Initial  attempts  were  made  to  fabricate  high-purity  powders  into 
dense,  pure,  polycrystalline  bodies;  the  ultimate  objective  will  be  to  critic¬ 
ally  test  the  mechanical  properties  of  such  samples. 
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Six  0. 5-1-0  grata  quantities  of  raw  material  samples  were  received 
frc*  various  suppliers  during  the  course  of  the  year  end  were  characterised 
in  terms  of  particle  size  and  shape.  Only  sub-micron  powders  were  considered 
for  further  experimentation;  previous  experience  had  indicated  great 
difficulties  in  consolidating  larger  size  powdm^s  to  full  density  (densific- 
atlon  rates  are  proportional  to  particle  size  “3/,  They  were  also  rated 
according  to  the  vendors  stated  purity,  and  the  powders  shown  in  Table  2.1 
were  selected  for  further  characterization  and  fabrication  experiments. 

In  the  ease  of  AI2Q3,  several  sources  satisfied  the  initial  purity 
sad  particle  size  criteria,  and  also  represented  powders  obtained  by 
different  processing  methods.  The  Linde  powder  was  made  by  triple  recrystalliz¬ 
ation  of  an  alum  solution  which  was  subsequently  calcined.  The  other  two 
powders  are  both  thought  to  be  produced  by  the  oxidation  of  z coe-refined 
aluminum. 


While  several  Initial  samples  of  MgO  looked  very  good  from  the 
standpoint  of  tbs  purity,  none  of  these  had  particle  sizes  under  1  micron. 

One  grade  of  MgO  (United  Mineral -Johns  on  Matt  hey)  had  a  reported  impurity 
concentration  (determined  by  emission  spectroscopy)  of  7  pjea.  Spark  source 
mass  spectroscopy  (Dr.  Fred  Leipziger,  Sperry  Rand  Carp.)  detected  8k  ppa 
impurities  in  this  same  powder.  This  difference  can  be  largely  attributed  to 
anion  impurities,  which  are  readily  detected  by  mass  spectroscopy,  but  not 
by  emission  spectroscopy.  Thus,  a  higher  impurity  concentration  was  expected 
although  a  total  of  84  ppa  impurities  was  considered  to  indicate  a  very  high 
purity  material.  However,  this  powder  could  not  be  densifled  by  pressure 
sintering  at  1175 #C  at  20,000  psi  to  a  density  above  6Cff>  of  the*  -etlc&l.  In 
view  of  this  result,  it  was  decided  to  purchase  Johnson  Mat  they,  and  Co., 
Mg(CH)2,  which  was  supposed  to  be  of  similar  purity  as  their  MgO,  and  then 
to  conduct  the  calcination  of  this  material  in  our  laboratories.  From  the 
work  of  Gordon (2),  it  is  known  that  Mg(0H)2  fragneats  to  ultr&flne  particles 
during  its  decomposition  to  MgO.  Therefore,  it  was  thought  that  the  proper 
calcination  treatment  could  be  obtained  to  yield  high  purity  MgO,  which 
then  could  be  easily  densifled.  Very  recently  a  snail  test  sample  of  Johns  on  - 
Matthey  MgO  was  submitted  for  consideration.  This  sample  appears  touch  more 
satisfactory  than  the  earlier  MgO  samples  in  that  the  particle  size  was  found 
to  be  only  0.2  microns,  and  the  impurity  level  (emission  spectroscopy)  is 
still  reported  to  be  8  ppu.  This  latest  MgO  powder  has  not  yet  been  purchased 
in  bulk. 
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TABLE  2,1 


POWBBB  3  CUB  CBS  H3B  HIGH  PURITY  SHOP? 

Suppliers 

Material  Supplier  Lot  Bo.  or  Grads  Reported  Purity 


Al2°3 

Hade  Bivisioz^Uniae 

Carbide  Co. ,  Indianapolis, 
Indiana 

Inaer  Grade 

99-9975 

"2°3 

United  Mineral  (distributer 
for  Jonas on  Mat they )  Hew 

York  13,  Hew  York 

S.l 

99.9995 

ai2o3 

Coninco  American  Co., 

Spokane,  Washington 

BFM  240 

99.9999 

Mg(OH)2 

United  Mineral  (distributor 
for  Johnson  Matt  Ley)  lev 

York  13,  Hew  York 

(Z  lfi2 

99-9955 

Mg(QH)2 

Uhl  ted  Mineral  (distributor  for 
Johnson  Mat  they)  He/ 

York  13,  Hew  York 

GH  194 

99.9960 

2.3  Powder  Characterisation  aaad  Anal  ’la 


Tbs  most  effective  means  of  characterising  the  steps  and  slse  of 
sub-alcrou  pewters  Is  by  electron  aicroscopy  techniques.  A  this  fils  of 
carbon  is  evaporated  onto  a  copper  grid,  and  tbs  pewter  which  has  prarioualy 
been  disperses  in  a  liquid  carrier,  is  placed  on  the  grid  for  direct  viewing 
in  the  microscope.  Consequently,  the  powder  itself  is  expoaed  to  the  electron 
been,  and  if  thu  particles  are  thin  enough  (~  1000  A*)  they  traaimit  electrons > 
allowing  particle  thickness  to  be  estimated  and  electron  diffraction  patterns 
to  be  obtained. 

four  to  six  electron  micrographs  were  taken  of  typical  particle 
clusters  far  each  powder,  and  cne  such  micrograph  for  the  powders  listed 
in  Table  2.1  is  shown  in  Figures  2. 1-2. 4.  Also  a  micrograph  (Figure  2.5)  of 
United  Mineral's  fine  particle  site  MgO  powder  is  included  as  it  vlll  probably 
be  incorporated  into  the  program. 

Fran  each  series  of  Micrographs  a  particle  size  analysis  was  nate. 
Approximately  100  particles  were  measured,  and  the  results  are  given  in 
Table  2.2. 


The  United  Mineral  AI2O3  (figure  2.2)  powder  appears  quite  irregular 
in  shape,  thus  suggesting  a  roughly  spherical  syanetry.  This  powder  exhibited 
good  green  packing  characteristics  as  tsu  expected. 

The  Conlnco  AI2O3  powder  (Figure  2.3)  exhibited  hexagonal 
Morphology.  The  particles  were  thought  to  be  platelets.  The  electron  trans¬ 
parency  results  from  the  fins  particle  size;  however,  the  rectangular  particles 
in  thsse  micrographs  have  a  lower  electron  trmnsalsslcn,  and  it  is  suggested 
that  these  are  platelets  steading  on  edge  (i.e.,  .  -rallel  to  the  viewing 
direction).  Furthermore ,  it  is  known  that  the  C  direction  is  often  a  slow 
growth  direction  in  flux-growth  of  sapphire,  and  this  result#  in  crystals 
with  a  platy  habit.  Thus,  a  similar  morphology  in  these  very  fine  powders 
la  not  surprising. 

Examination  of  i!g(0B)£  (Fi#*  re  2.4)  was  not  entirely  satisfactory 
as  the  bruclte  decomposed  in  the  else  wren  bean.  Electron  diffraction  patterns 
on  this  powder  correlated  well  with  known  lattice  spaclnga  for  MgO,  end  no 
diffraction  evidence  for  Mg(0H)2  was  obtained.  Therefore,  it  is  thought  that 
the  small  particles  shown  were  probe!  ly  MgO  and  the  larger*  particles  which 
were  encountered  (not  illustrated  in  this  report)  were  Mg(0H)2.  Previous  studies 
by  Gordon  and  Kingery2  gave  -ailar  results,  in  that  the  heat  generated  by  the 
electron  beam  of  a  microscope  decomposed  Mg(QH)2,  and  that  the  MgO  product  had 
a  fine  particle  else  with  a  relic  type  relation  to  the  Mg(C$B)2  crystallites. 
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Figure  2*5  MgO  (United  Mineral)  Exhibiting  Extremes  In 
Particle  Site,  U30-33OCA0,  and  Cubic  Habit. 


TABLE  2.2 


PARTICLE  SIZE  07  JJZBUXA  AID  MAORESIA  POWDERS 


Composition 

Source 

Average 

Particle 

Size,  A* 

SSfflLt-Al 

AI2O3 

Unde 

133 

94-320 

AI2O3 

Canine  0 

500 

220-1900 

AI2O3 

United  Mineral 

300 

110-3900 

MgO 

Uhlted  Mineral 

2000 

430-3500 

Mg(0H)2 

Johnson  Matthey 

— 

300-2000 

The  MgO  powder  ( figure  2.5)  wu  quite  Interesting  in  that  the 
earphology  of  almost  orrery  particle  Is  cubic.  Also  there  are  two  populations 
of  sixes;  approximately  450  A*  sad  3000  A*  with  very  few  particles  falling 
in  between.  Particles  harlrg  2000  A*  sides  are  on  the  boderllne  of  being 
electron  transparent.  Therefore,  these  MgO  particles  are  moat  likely  nearly 
perfect  cubes  and  would  pro?>ably  give  high  green  packing  densities. 

The  IjjOj  and  Mg  (0E)2  pewders  were  examined  by  X-ray  diffraction 
Debye  -  Scherrer  techniques  for  najar  phase  and  the  possible  presence  of  un¬ 
reacted  starting  Materials.  The  results  are  suamarlzed  In  Table  2.3. 


TAB  IE  2.3 

X-RAY  DIPTRACTIC6  HHTTUICATiai  OF  HICT  PURITY  POWDERS 


Material  Source 

Major  Phase 

Min-  Phase 

United  Mineral 

a  AJL2O3 

none 

Caminco 

■>  AI2O3 

K  and  a  AI2O3 

Unde 

y  AI2O3 

n  and  5  AJ^O^ 

United  Mineral 

Mg(QH)2 

MgO 

Bo  unreacted  Material  was  found.  Tha  K,  y  ,  y ,  and  4  structures  are  low 
tanperature  phases  of  AJ^O^  encountered  during  low  temperature  decomposition  of 
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aluminum  salts.  They  should  Id  no  way  interfere  with  subsequent  fabrication 
as  they  convert  toaAlgO^  at  1100'C. 

Two  principle  analytical  techniques  have  been  utilized  in  this 
phase  of  the  program;  namely,  emission  spectroscopy  and  plasma  source  mass 
spectroscopy.  Quissicn  spectroscopy  is  a  veil  known  analytical  technique 
for  determining  cation  impurity  concentrations  with  a  typical  detection 
limit  of  frori  1-10  ppm.  Plasma  source  mass  spectroscopy  is  less  conn  on, 
but  if  offers  great  sensitivity,  flexibility,  and  mass  coverage  (ion  aaas  from 
1-1000).  A  beam  of  high  energy  inert  gas  ions  (argon  or  xenon)  bombards 
the  sample  surface,  and  material  is  sputtered  away  by  cither  a  focused  or 
defocused  ion  beam.  The  elements  within  the  sample  are  ionized  and  carried 
into  a  double -focusing  mass  analysis  system.  The  focused  plasma  beam  can 
sputter  away  layers  of  the  sample  microns  thick,  thus  allowing  the  analysis 
of  interior  sample  regions.  Also,  the  specimen  can  be  fractured  Just  prior 
to  entering  the  vacuum  chamber,  thus  reducing  the  chance  for  extraneous 
contamination. 

Spark  source  mass  spectroscopy  was  utilized  for  one  analysis  on 
this  program.  This  technique  is  often  compered  with  the  plasma  source 
technique,  but  there  are  major  differences,  as  follows • 

1.  Ihe  potential  Is  about  50KV  for  spark  source  as  compared  with 
with  5-1CKV  for  the  plasma  source.  Consequently,  the  ionizing 
potential  of  each  element  g erven  )  the  ion  intensity  for  that 
element  in  the  plasma  source  ataiysis,  and  corrections  far  the 
variation  of  ionization  potential  must  be  applied.  As  this 
factor  may  be  matrix  sensitive,  it  is  very  difficult  to  deter¬ 
mine  experimentally,  and  lends  some  uncertainty  to  the  analysis. 

In  the  spark  source  analysis,  the  high  potential  leads  to  a 
multiplicity  of  peaks  for  any  one  icn  (up  to  Mg+),  which  also 
leads  to  same  errors.  There  exists  a  striking  difference  of 
opinion  between  analysts  using  each  method  as  to  which 

tectmlque  offers  the  highest  accuracy  based  on  these  considerations. 

2.  It  is  presently  necessary  to  Incorporate  the  sample  into 

an  electrically  conducting  matrix  (usually  C,  Au,  or  Ag)  for 
the  spark  analysis,  and  this  is  an  obvious  point  of  potential 
contamination,  especially  for  a  solid  sample,  which  would 
require  grinding  prior  to  analysis .  (Of  course,  blank  runs 
for  the  matrix  metal  sure  conducted. )  For  the  plasma  mass 
analysis,  a  solid  sample  is  fractured;  however,  a  powder  sample 
must  be  compacted  to  a  fora  having  some  degree  of  strength 
(cold  compact  icn  is  sufficient). 

A  glove  box  was  reserved  for  use  with  this  progress  and  was  outfitted 
with  a  0.3  micron  filter  to  remove  solid  particles  from  tbs  incoming  and  out¬ 
going  tank  argon  gas  used  throughout  the  sample  transfer  operation.  Cold 
pressed  compacts  ware  consolidated  in  an  A^O-^  die  fabricated  from  Linde  A 


alumina.  The  die  loading  operation  took  place  within  the  glove  box  while 
both  the  consolidation  and  the  extraction  were  conducted  under  anfclent  lab¬ 
oratory  conditions.  The  compact  vaa  fractured  to  expose  a  freeh  surface 
prior  to  insertion  into  the  plaaee  source  chamber. 

The  powder  analyses  for  the  Linde  Laser  Grade  AI9O3  is  reported 
in  Table  2.4  where  three  areas  were  examined  by  ease  spectroscopy  and  two 
separate  laboratories  conducted  emission  spectroscopy  determinations.  It 
will  be  noted  that  large  discrepancies  exist  among  the  analyses  for  the 
three  regions  by  the  plaaaa  technique  sad  especially  large  discrepancies 
exist  between  the  two  techniques.  Four  separate  analyses  were  conducted 
in  the  area  adjacent  to  region  3;  that  is,  sample  material  was  sputtered 
away  for  three  consecutive  analyses  prior  to  recording  the  analysis  listed 
in  Table  2.4.  Figure  2.6  shows  the  variation  in  impurity  ion  concentration 
as  a  function  of  distance  from  the  sample  surface. 

The  analyse?  indicate  a  nonhomogene oua  distribution  of  impurity 
within  the  powder  compacts.  It  is  not  known  if  this  i«  an  intrinsic  powder 
property  or  is  a  result  of  contamination  during  specimen  preparation.  Similar 
plots  far  the  other  grade  of  Al^O^  were  made,  and  ail  though  these  shewed 
different  levals  -f  the  Impurity  concentration  (Table  2.5),  the  nonhomogeneity 
was  equivalent.  The  analyst  contends  that  this  is  not  due  to  a  Lack  of 
precision  within  the  instrument,  as  similar  analyses  on  semi-conductor  grade 
Si  show  excellent  homogeneity  within  the  specimen. 


TABLE  2.4 

EMISSION  AND  PLASMA  SOURCE  SPECTROSCOPIC 


ANALYSES 

OF  UNDE 

USER  GRADE 

AI2O3  POTDER 

peciea 

Region  1* 

Region  2* 

Region  3* 

*  Ay  c  0 

Linde  i 

H+ 

1000 

80 

3 

L1+ 

1 

ND 

ND 

B+ 

3 

10 

30 

25 

c+ 

ND 

10 

ND 

F+ 

ND 

10 

ND 

Ha+ 

100 

4 

0.03 

Kg* 

20 

1 

ND 

6 

2 

Si* 

20 

1 

40 

12 

12 

P+ 

20 

ND 

ND 
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TABI£  2.4  (ccocl'd) 


SWISS  ICR  AID  PLASMA  SOURCE  SPECTROSCOPIC 


AiALjfSEo  op  Lima: 

LASER  GRADE  AlfiOs 

1  POWDER 

Species 

Region  1* 

Region  2* 

Region  31 

Avco  i  Linde  i 

Ce+ 

40 

40 

30 

K+ 

120 

4 

0.1 

Ca+ 

124 

6 

0 

1  2 

Ti+ 

100 

50 

1 

Cr+ 

150 

25 

0 

1  2 

Fe+ 

ID 

50 

2 

0.6  5 

Ba+ 

100 

10 

ID 

Mn+ 

50 

10 

ID 

P+ 

Cu+ 

40 

10 

KD 

1 

2ja+ 

50 

10 

TC 

Ge+ 

50 

ID 

ID 

As+ 

40 

ID 

ID 

V+ 

40 

ID 

ID 

*  Plasma  Source  Maas 

Spectroscopy  -  by  Dr.  Frank 

Satki evict 

G.C.A.  Corporation 

,  Bedford, 

Hassachusette 

+  Emission  Spectroscopy 
ID  lot  detected 


-II- 


Figure  2. 6.  SMPURi  Pi  PROFELE  FOR  LINDE  LASER  GRADE  Al-,0,  COL  D  PRESSED  COMPACT 
(PLASMA  SOURCE  MASS  SPECTROSCOPY) 
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TABUS  2.5 


PIASMA  SOURCE  MASS  SPECTROSCOPY 


Specie*  United  Mineral  Coaineo 


H+ 

6? 

15 

Jd/r 

0.07 

HD 

B+ 

ID 

HD 

C+ 

100 

i*0 

F+ 

6? 

HD 

R&r 

0.2 

0.04 

Mg+ 

1 

0.05 

Si+ 

100 

1 

CI+ 

100 

150 

K+ 

0,2 

0.03 

Cft+ 

HD 

HD 

Ti+ 

HD 

HD 

Cr+ 

HD 

MD 

Pe+ 

7 

1 

Y+ 

100 

HD 
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2.4  CanaoJLldatlo*.  of  High  Purity  Powders 


Several  of  the  high  parity  AlgCH  powders  were  vacuum  hot-pressed 
with  two  main  objectives;  to  work  out  techniques  for  retaining  purity 
levels,  end  to  compare  the  hot  pressing  kinetics  with  AlgOg  powders  of  a 
lower  purity  99.96$)  which  had  been  extensively  studied  previously. 

The  filtered  slave  box  discussed  earlier  was  utilised  for  ell 
powder  transfer  operation.  The  hot  pressings  were  conducted  in  a  high- 
density  SIC  die  which  was  utilized  solely  for  these  high  purity  Al^O,  hot 
pressings.  Between  pressings,  the  die  cavity  and  punch  faces  were  honed 
with  diamond  compound.  Following  this,  the  entire  assembly  was  cleaned 
with  soap  and  water  and  finally  rinsed  with  alcohol.  After  placing  the 
die  assembly  in  the  glove  box,  the  argon  purging  operation  commenced. 

The  die  was  loaded  and  pistons  inserted  prior  to  exposing  the 
die  to  air.  The  hot  pressings  conducted  on  these  powders  are  listed  in 
Table  2.6,  0.  5  attempt  (1177)  was  made  to  hot  press  the  high  purity 
powder  so  that  it  was  not  tn  contact  with  the  SIC  die.  This  specimen  was 
fabricated  as  follows:  the  high  purity  powder  was  cold  pressed  in  an 
alumina  die  confined  to  a  glove  box;  the  green  specimen  was  then  loaded  into 
a  larger  graphite  die  in  which  the  high  purity  specimen  was  surrounded  with 
a  shield  of  Unde  A  lumiaa  powder.  After  hot  pressing,  the  high  purity 
specimen  could  in  theory  be  extracted  from  the  center  of  the  composite. 

Sample  1177  resulted  In  a  crack  free  specimen,  although  the  density  was 
quite  low  (88$  theoretical).  A  metallographic  examination  disclosed  a 
high  density  (o-  95$)  outer  Unde  A  skin  and  a  porous  interior.  In  sintering, 
the  specimen  with  the  highest  green  density  usually  has  the  highest  final 
density  after  sintering.  Exactly  the  opposite  result  occurred  for  this 
experiment,  and  this  is  not  as  yet  understood. 

Of  course,  the  purltltie*  of  the  materials  were  different,  but 
a  subsequent  experiment  (1178)  demonstrated  that  Unde  Laser  Grade  material 
could  be  densified  to  near  theoretical  density.  No  other  explanation  for 
the  observed  microstructure  is  obvious. 

Figure  2.7  compares  the  denslfi catloi.  kinetics  for  two  high 
purity  alumina  powders  (  a  and  7  )  and  two  lower  purity  powders  having 

similar  particle  sizes  and  crystal  structures.  These  latter  were:  Unde  A  a  - 
0.3  micron  -  99*96$  AI2O3,  Baymal>  -  0.03  micron  -  99*90$  AI2O3. 

The  data  shows  that  the  high  purity  Unde  laser  Grade  y  AI2O3 
densified  initially  at  an  Increased  rate  compared  with  the  less  pure  fiaymal 
AI2O3.  However,  as  the  process  proceeds,  the  rates  become  equivalent  at 
approximately  80$  density.  This  would  be  considered  the  intermediate  stage 
of  denslflcation  where  diffusional  processes  become  important.  At  97$ 
density,  the  denaificaticn  rate  for  the  Und*  material  slows  down  considerably 
whereas  the  Bayaal  is  densi tying  at  a  constant  rate  (assuming  as  has  been 
done  for  many  other  denslflcation  studies  that  the  process  is  best  represented 
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TAB1£  2,6 

?ABRICATICg  COffPmCgS  TOR  HIGH  PURITY  AlgOq 


Sample 

Ho. 

Material 

Tampar&ture 

*C 

Pressure 

KpsI 

Time 

■In. 

Density 

_g®/ec 

Vacuum 

«*Kg 

1177* 

LLnAe 

1330 

15 

60 

3.50 

2  x  IQ'1* 

U.78 

Ilnr"- 

1330 

15 

16 

3.94 

1  x  10-3 

1188 

U.  Mineral 

1350 

15 

3 

3.88 

1.8  x  10“4 

1139 

U.  Mineral 

1350 

Ip 

8 

6  x  10"  3 

1200 

15 

82 

9  x  10-3 

1350 

15 

14 

3.88 

9  x  10“3 

1190 

U,  Mineral 

1350 

15 

4 

3.90 

5  x  10”4 

1195 

U.  Mineral 

1350 

15 

30 

3.83 

4  x  10-4 

1196 

Coniaco 

1320 

15 

30 

3.74 

6  x  10-6 

*  Sandwich  with  Unde  A 
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Figure  2.1  PRESSURE-SINTERING  0€NS  i  F  iCAT  I  ON  KINETICS  FOR  HIGH  AND  LOW  PURITY 

ALUMINA  POWDERS 


by  density  vs.  logarithm  tine).  Tbs  decreased  rate  is  probably  due  to 
pore  entrapment  within  grains.  Increased  grain  growth  rates  have  been 
noted  for  other  high  purity  materials,  and  this  kinetic  data  may  be  a  result 
of  the  same  effect. 

Two  kinetic  runs  of  high  purity  a  AI2O3  gsve  quite  different 
results,  and  the  reason  for  this  Is  at  this  time  unknown.  However,  the 
deneificaticn  rates  for  both  of  these  were  equivalent  to  or  greater  than 
Linde  A.  The  high  purity  material  has  not  yet  been  hot  pressed  to  full 
density,  so  pore  entrapment  could  still  be  a  limiting  factor,  but  these 
initial  results  look  quite  encouraging. 

An  electron  fractograph  (Figure  2.8)  of  sample  11 78  demonstrated 
that  a  fine  equlaxed  structure  ms  readily  produced  which  had  an  average 
grain  intercept  of  0.45  microns.  It  is  considered  feasible  to  fabricate 
this  powder  Into  a  truly  unique  material;  submicrcn  grain  site,  fulc/ 
dense,  and  with  very  high  purity.  Such  materials  have  heretofore  not  Wsn 
prepared  let  alone  evaluated. 

2*5  Chemical  Analysis  of  Fabricated  Samples 

Cne  hot  pressed  specimen  (1188)  was  analysed  by  the  plasma 
source  mass  spectrographic  technique.  A  fresh  surface  (previously  unexposed 
to  the  atmosphere)  was  bombarded  by  the  plasma  for  analysis.  Seme  14 
analyses  were  conducted  on  this  sample.  Honhomcgeneous  impurity  distribution 
similar  to  that  shown  In  Figure  2.6  was  also  found  for  this  96 i  dense 
sample.  This  analysis  is  graphically  presented  in  Figure  2.9,  and  the  seml- 
quantltatlve  estimation  of  impurity  concentrations  is  listed  in  Table  2.7. 

The  tabulated  analysis  is  an  approximate  average  of  the  impurity 
concentration  observed  (see  Figure  2.9).  There  was  not  a  systematic 
variation  of  concentration  with  increased  ion  bombardment  -  this  suggests 
that  surface  contamination  is  insignificant.  A  comparison  of  the  graphically 
plotted  impurity  concentration  shows  that  B+,  C+  and  Ca+  definitely  increased 
during  the  consolidation  step.  In  addition,  Cr<>,  Be+,  Smf,  and  Pb+  showed 
some  evidence  of  having  Increased,  but  their  concentration  is  near  the  lifcit 
of  detection,  so  that  a  definite  conclusion  is  not  possible.  Other  ions 
such  as  H-f ,  Ha-*-  and  Mg+  awpear  to  have  increased  concentrations  in  the  hot- 
pressed  sample,  but  a  pic. .  similar  to  Flgurs  ^.*9  for  tbs  powder  showed 
variations  within  the  limits  apparent  in  Table  2.7.  It  is  possible  that 
the  concentration  of  some  lens  may  be  decreased  with  a  suitable  heat  treat¬ 
ment,  but  clearly  improved  techniques  for  maintaining  purity  during  fabrication 
are  required. 
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Figure  2.8  Kicroetructure  of  Hot  Preaaed  AI2O3  Fabricated 
froa  Linda  Laeer  Grade  Powder.  Average  Linear 
Intercept  la  0.^5  micrcn.  Harder  la  1  micron. 
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figure  2$.  IMPURITY  PROFILE  FOR  HOT- PRESSED  alumina  SPECIMEN  FABRICATED 
FROM  UNITED  MINERAL  AUT,  i  PLASM  A  SOURCE  MASS  SPfCTROSCOPS  i 


TABLE  2.7 


(XKPARISC*  or  DCPURITr  ccbchitraticbs  pcr 
AI1KTMA  HOT  PRESSED  SAMPIE  1168  AD  BASE  POWDER  (U.  KHERAI) 

At calc  pga 


3p«cl«» 

34 

U+ 

B+ 

O 

F+ 

Ha+ 

Hfff 

Si+ 

ca+ 

K+ 

Ca+ 

Ti+ 

Cr+ 

Fte+ 

T+ 

B*+ 

3*r+ 

Pb+ 


Hot  Pf»B»d  Powggr 

150  67 

0.07  0.07 

25 

1600  100 

12  67 

2  0.2 

5  1 

50  100 

100  100 

1  0.2 

20 

0.1  .05 

0.6 

9  7 

200  100 

0.2 
O.d 
1 
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2.6  Su—ary 


Progress  vu  nade  la  *-rtral  areas  la  tbs  program  to  fabricate 
fine -grained,  high  purity  polycrystalline  AlgO^  and  HgO.  Several  food 
sources  of  fine  particle  ilu  aluminas  vlth  purity  levels  significantly 
higher  than  Linda  A  a  Al^CU  were  established  la  addition  to  one  source  of 
high  purity  Mg (0H)2*  It  also  appears  that  this  sam  supplier  caa  under 
certain  conditions  produce  subnlcron  pure  MgO. 

fialselon  spectroscopy  calibration  curves  ears  generated  for 
AI2O3,  and  experience  was  gained  In  using  and  Interpreting  the  results  froe 
spark  source  nass  spectroscopy  and  pit— a  source  naas  _ ectroacopy. 

Initial  fabrication  studies  vara  conducted  which  shoved  that 
sane  content  nsticn  occurred  during  hot  pressing,  but  denslfl cation  kinetics 
for  two  high  purity  alumina  were  equivalent  to  or  greater  than  tha  lover 
purity  (99*9+)  pure  aaterlal.  It  appears  that  the  diffusions!  portion 
of  pressure  » lute  ring  does  not  bars  a  strong  (or  nsasureable)  extrinsic 
function. 
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III.  PRIMARY  RECRY  3TALLIZATI CB  AHD  HOT  WORKING  D»  POLY  CRYSTALLINE  ALUMINA 


3.1  Introduction 

The  discovery  ^ ^  that  alumina  single  crystal*  could  be  grove  in 
the  solid-state  b j  a  straui-aoneal  method  was  a  convincing  dettooatratioo  ttut 
primary  recrystallization  occurred  during  or  Just  subsequent  to  hot  working. 

A  aajor  emphasis  of  vox.  to  be  reported  has  been  to  clarify  sees  of  the 
details  of  this  process,  although  several  Important  questions  are  still 
to  be  resolved.  Previously  reported  work^'  will  be  included  in  this 
discussion  where  it  bears  on  the  elucidation  of  the  mechanisms  of  de format ion 
and  recrystallization. 

There  was  also  evidence  In  the  previous  werk^)  that  mechanical 
properties  of  hot -worked  alumina  was  superior  to  that  of  hot-pressed  alumina 
of  equivalent  porosity  and  grain  size.  This  has  now  oeen  studied  in 
detail. 


Primary  recrystallization  can  be  defined  as  the  growth  of  strain- 
free  nuclei  into  a  deformed  matrix,  the  reduction  in  strain  energy  providing 
the  driving  force. I1*)  The  problem  of  cucleaticn  was  not  considered  extensively; 
such  information  is  particularly  difficult  to  obtain  in  the  case  of  alumina 
because  deformation,  recovery,  ind  recrystallisaticc  are  all  occurring 
simultaneously.  In  metals,  this  area  is  still  unresolved,  and  research  is 
active  (see  Reference  (5)  for  a  recent  review) .  However,  as  in  deformed 
metals,  it  may  be  assumed  that  there  ar«  copious  strain-free  nu cl eat Ion 
sites  present  in  deformed  alumina,  particularly  at  grain  boundaries,  pores, 
deformation  bands,  and  free  surfaces,  and  that  nu  cleat!  cm  will  not  be  the 
rate  limiting  step  in  primary  recrystalli ration.  Further,  the  number  of 
nuclei  increases  with  increasing  strain,  and  this  accounts  for  the  relation¬ 
ship  shown  in  Figure  3-1  -  increasing  deformation  leads  to  a  progressively 
finer -grained  structure  after  recryetaULizatioc. 


Figure  3-1  Variation  of  recrystallixed  grain  size  with 
deformation.  Rote  that  nc  recrystalli ration 
will  occur  below  a  critical  strain. 
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Ml crost rue turai  evidence  that  this  relationship  Is  observed 
in  alumina  Is  shown  In  Figure  3.2.  This  structure  can  be  Interpreted 
as  foil evs : 


The  coarse  grained  area  on  the  left  corresponds  to  an  area 
strained  less  than  *c  ;  the  single  crystal  was  subjected  to  a  strain  equal 
to  or  just  greater  thiu.  the  critical  amount,  and  the  fine  grained  area  on 
the  right  was  recryatallized  fro*  a  more  heavily  worked  matrix.  The  fine 
grain  size  of  this  region  is  truly  remarkable,  considering  the  long  times 
this  sample  war  subjected  to  high  temperature  and  pressures  (3  hours  at 
1870*C  and  6000  pai). 

It  can  thus  be  seen  that  hot  working  offers  considerable  scope 
for  micros true turai  control  and  for  the  production  of  unique  microstructures, 
as  veil  as  a  nev  approach  for  the  synthesis  of  ceramic  single  crystals. 
Heretofore,  its  application  to  ceramics  has  been  almost  negligible*,  although 
deformation/recryatallizaticn  processes  are  utilized  in  the  production  of 
the  majority  of  polycrystalline  metals  and  for  the  single  crystal  growth  of 
some  metals. 

Press  forging  waa  utilized  for  all  the  hot  working  experiments, 
and  the  process  is  desc*ibed  in  the  first  section.  Particular  emphasis  will 
be  given  to  the  problems  of  maintaining  structural  and  geometrical  integrity 
during  hot  working,  in  addition  to  the  other  important  experimental  details. 

The  remaining  discussion  is  devoted  to  the  following  considerations 
of  the  hot  working  and  recrystallizatian  processes: 

1.  Orientate  on  and  properties  of  single  crystals 
produced  by  primary  recrystailizatlcn, 

2.  Production  of  fine-grained  deformed  end 
recrystallized  structures, 

3.  Mi  crust  rue  turai  and  crystallographic  texture, 
both  after  defoliation  and  after  recry stall! ration, 

4.  Deformation  mechanisms  during  hot  vorking, 

5.  Effect  of  MgO  additions  on  recryetaliltati-jc, 

6.  Effect  of  annealing  on  the  microetructui i  of 
deformed  and  recryatallized  materials, 


*  It  is  important  to  mention  that  recrystalii ration  has  been  observed  by  Stokes 
and  co-vorkers (6)  after  ten aide  deformation  of  MgO,  and  that  Rice  and  Bunt' ■  ' 
have  been  examining  hot  extruuicn  in  paly  crystalline  mgnesla  and  alumina. 
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Figure  3.2 


Area  of  Hot-worked  Billet  S'-'-'Wj  j\g  Transition 
Irco  Coarse -grained  Ur^acrys^'illized  Structure 
to  a  Single  Crystal  Region  to  &  Dense  Fl.no- 
graincc  ^crystallized  Structure 
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Renewal  of  porosity  during  hot  pressing, 
deforaaticn,  nod  recrystalliosticn.  This 
is  particularly  important  in  the  working 
of  porous  CGHpOSiteS,  BCid 

8.  The  aechsnical  properties  of  worked  materials, 
defeated  under  renditions  where  no  single 
crystal  growth  occurred, 

3.2  Hot-Working  of  Altminfc 

All  the  hot-worki&g  ej©eri»ents  to  be  described  utilised  a 
press-forging  errangeaeat  in  &  standard  pressure-sintering  apparatus  (Figure 
3. 3) ,  The  important  difference  to  be  noted  is  that  there  was  a»o  die  wall- 
saapie  contact;  the  sample  was  able  to  expand  laterally  in  the  die  wall 
cavity  upon  the  application  of  pressure. 

Two  types  of  for&ing  were  employed;  forging  fra*  a  powder  which  was 
allowed  to  sinter  to  a  fairly  porous  compact  prior  to  the  application  of 
pressure,  and  forging  of  a  relatively  dense,  previously  hot-pressed  or  sintered 
billet.  In  both  cases,  molybdenum  spacers  were  used  to  prevent  reaction  with 
the  graphite  punches.  Pyrolytic  graphite  spacers  and  a  HR  wash  was  also  tried, 
but  were  not  as  satisfactory  as  the  molybdenum  spacers  in  preventing  reaction. 

Table  3.1a  lists  the  pure  AI2O3  "powder"  forgings  examined  during 
this  study*  (this  table  does  net  include  date  previously  reported^))  while 
Table  3*lb  lists  the  powder  f crglr  **  of  the  composition  AI2O3  +  2/44  HgO. 

In  almost  all  cases,  the  puie  alumina  billets  were  uncracked  after  the 
forging  and  fully  dense  if  maintained  at  temperature  and  pressure  for  acre 
than  2  hours.  The  AI2O3  +  1/44  MgO  composition,  on  the  other  hand,  could 
not  be  used  successfully  for  powder  forgings,  because  reaction  with  the  die 
body  and  punches  occurred,  which  caused  severe  cracking  In  the  billet.  It 
is  not  known  exactly  why  the  molybdenum  spacers  are  unsuccessful  as  a  diffusion 
barrier  for  this  composition. 

The  forgings  from  dense  ballets  are  listed  in  Table  3.2a  for  pure 
AI2O3  and  3.2b  for  AI2O3  +  1/44  MgO.  (The  hot  pressing  conditions  for  the 
starting  billets  are  given  in  Table  3*3* )  Ih  the  case  of  the  latter 
composition,  reaction  with  the  punches  and  subsequent  cracking  «u  avoided 
by  rapid  forging;  cracking  was  a  problem  when  billets  were  kept  at  pressure 
and  temperatures  for  any  length  of  time  (FA-143-146). 

Doming  was  a  problem  encountered  in  many  of  the  forgings,  and  Is 
indicated  in  Table  3-1  by  the  maxima  height  differential  and  in  3.2  by  the 
spread  in  percentage  height  reduction.  This  doming  is  caused  mainly  by  hydro¬ 
static  (as  opposed  to  shear)  stresses  present  daring  compression,  as  well  as 
the  relative  softness  of  the  graphite  punches  at  the  forging  temperature.  The 
following  factors  were  found  to  significantly  redace  or  eliminate  doming: 


•  Some  of  these  billets  were  fabricated  under  Contract  Xo,  1178-8986, 
U.S,  Havel  Weapons  Laboratory,  but  characterised,  in  the  present  study. 
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Figure  3. 3.  PRESSURE  SINTERING  APPARATUS  USED  FOR  PRESS-FORGING  EXPERIMENTS. 
NOTE  THAT  PRIOR  TO  FORGING,  THERE  IS  NO  CONTACT  BETWEEN  THE  SPECIMEN 
AND  THE  DIE  BODY. 
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TABI£  3.1 


Forging 

No. 

a. 

Forging 

Te*p 

°C 

CCHMTICBS 

FOR  FORGUQS  FROM  AX-,0.  POWER 

HtudJBua  Height 
Differential 

Forging 

Pressure 

(psi) 

Ti*e  to  Max. 
Pressure 
(sin) 

- *-  j — - — 

Tine  at  Max. 
Pressure 
(sin) 

FA-44 

1840-1860 

4000 

55 

120 

25 

FA-45 

1810-1830 

4000 

45 

215 

5 

FA-46 

1320-1860 

5400 

46 

300 

5 

FA-4? 

1850-1880 

5400 

35 

335 

5 

FA-96 

1840-1870 

5650 

18 

360 

5 

FA-97* 

1170-1840 

5400 

45 

360 

5 

FA-98* 

1250-1840 

5100 

55 

135 

5 

FA-100 

i960 

5100 

20 

5 

20 

FA-101 

1860-1870 

5100-5400 

25-35 

320 

30 

FA-102 

1840 

5200 

7-30 

180 

19 

FA-103 

i860 

5400 

15 

1800 

•*  m 

FA-104 

i860 

6000 

20 

180 

5 

>6 

1870 

6000 

25 

133 

47 

FA-108 

i860 

-- 

— 

5 

— 

FA-109 

I860-I88O 

6800 

30 

250 

5 

FA-110 

1860-1880 

6800 

20 

230 

5 

FA-128 

1840-1870 

8700 

15 

240 

5 

T4-137 

i860 

5650 

15-17 

380 

5 

FA-140 

i860 

5400 

24 

71 

15 

FA-142 

i860 

5670 

20 

30 

26 

*  Sae  next  page 
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TABLE  3.1 


b.  CCHDITICHS  ?0&  FORGINGS  FROM  AlgO,  +  1/4* 
Mg  POWER 


Forging 

No* 

Faring 

Temp 

°C 

Forging 

Pressure 

(pal) 

Time  to  Max.  Tine  at  Max. 

Pressure  Pressure 

(sain)  (min) 

Maximum  Height 
Differential 

(*)  __ 

FA-136 

i860 

6000 

22 

143 

5 

FA-141 

1860 

5670 

20 

30 

26 

*  These  are  essentially  high  temperature  hot-pressings,  as  the 
applied  before  sintering  canaenced. 

was 

TABI£  3.2 

a. 

CONDITIONS 

FOR  FORGING  DENSE  Al20^  BILLETS 

Forging 

No. 

Original 

Billet 

Original 

Height 

Forging 

Temp. 

°C 

Time  to 

Max.  Pressure 
(min) 

Maximum  Height 

Pressure  Reduction 

PB* _  ($1 _ 

FA-119 

FA-118 

1860- 

1880 

35  +  215 

7,0^0 

none 

FA-125 

FA-123 
(70*  T.D.) 

1860- 

1880 

30+ 

25,000 

75 

FA-133 

FA-119 

1850 

10  -15  +  lBo 

13,400 

0-42 

FA-135 

FA-12 

0.5  x 
0.23"  dia 

1880- 

• 

5-10  +  125 

20,000 

73*5  -  80.6 

JC-4 

FIXI-2C 

1350 

34 

35,000 

4.0 

JC-7 

FUJ-2C 

1350 

7 

35,000 

1.5 

JC-8 

V-21 

1350 

205 

35,000 

1*5 

JC-9 

V-21 

1425 

112 

35,000 

50 
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COHDITICKS  FOR  FOSRGUIG  Z3EBSE 
AlpO-^  +  1/4&  MgC  BIU^TS 
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TABLE  3.2  (concl'd) 
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TABIE  3.3 

PROCESS  CCKDITICgS  FOR  EMBICAECii  OF  AlpO^  +  l/kj  MgO  BILLETS 


Billet 

No. 

Thidmaaa 
(inch*  a ) 

Twperature 

Cc) 

Tiae  at  Mariana 
Praacur*  (sain. ) 

Mariana  Preaaur* 

(pal) 

Density-^ 
of  Theoretical 

FA- 48 

0.3 

1575 

10 

6000 

98.5-99.0 

FA-50 

0.3 

1475 

135 

5100 

98.5 

FA-51 

0.3 

1560 

85 

5650 

96.5 

FA-54 

0.3 

1580 

90 

5100 

99.0* 

FA- 56 

0.3 

1575 

73 

5100 

99.5+ 

fa-57 

0.3 

1570 

no 

5100 

- 

FA-58 

0.3 

1580 

90 

5100 

m 

FA-59 

0.3 

1605 

120 

5600 

- 

FA-60 

0.3 

1600 

96 

2900 

- 

FA-61 

0.3 

1600 

60 

5100 

- 

FA-62 

0-3 

1580 

60 

5400 

99. 5+ 

FA-63 

0.3 

1580 

90 

5400 

99-5+ 

FA-65 

0.3 

1580 

70 

5400 

99.5+ 

FA-66 

0.3 

1580 

75 

5400 

• 

FA-67 

0.3 

1580 

105 

5400 

- 

FA- 68 

0.3 

1580 

55 

5400 

- 

FA-69 

0.3 

1580 

75 

5400 

99.5* 

FA-70 

0.3 

1580 

72 

5400 

99.5* 

FA-71 

0.3 

1580 

70 

5500 

- 

FA-72 

0.3 

1580 

80 

5600 

99-5+ 

-31- 


TABLE  3*3  (ecmcl'd) 

PROCESS  CCBDITICHS  FOR  FABRICATICH  OF  AlpO^  +  l/kj  MgO  BILLETS 


Billet 

Re. 

Thickness 

(inches) 

Temperature 

(#c) 

Time  at  Maximum 
Pressure  (min.) 

Maximum  Pressure 

(P«i) 

Density  % 
of  Theoretical 

FA-73 

0,3 

1590 

69 

5300 

99.5+ 

FA-71*  AAB 

0.1 

1580 

85 

5600 

99.5+ 

FA-75  a&b 

0.1 

1570 

67 

5500 

99-5+ 

FA-76 

0.3 

1580 

75 

5400 

99.5+ 

FA-77 

0.3 

1580 

75 

5600 

99.5+ 

FA -78 

0.3 

1580 

60 

5400 

99.5+ 

FA-79 

0.5 

1580 

UC 

5500 

99.5+ 

FA -105 

0.3 

1580 

70 

6000 

99.5* 

FA-111 

0.5 

1590 

65 

5650 

99-5+ 

FA -11 3 

0.5 

1585 

113 

5400 

99.5+ 

*A-114 

0.5 

1580 

120 

5400 

99.5+ 

FA-115 

0.5 

1580 

120 

5400 

99-5+ 

FA-116 

0.5 

1580 

130 

5400 

99.5+ 

FA-123* 

1310 

40 

2000 

70 

V -21 *+ 

0.25 

1400-1420 

200 

6400 

99.5+ 

FLU-2 C*4 

0.25 

1400 

180 

6000 

99.5+ 

*  pure  alumina 
+  vacuum  hot  pressed 
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1.  I«rv, »  acpcc*  (height : dJ ame ter i  ratio*.  This 
is  the  single  most  important  param£ter,  as 
tht*  amount  f  hydroatati  for 'ts  Increases 
with  decreasing  aspect  ratios.  However,  at 
ve.y  high  aspect  ratios,  the  opposite  to 
this,  vi '’barreling",  could  occur;  this, 
however,  has  not  yet  been  observed  during 
forging  of  alumina. 

2.  31.0W  application  of  pressure,  the  use  of  surface 
lubricants  .  uch  as  a  Bit  wa3h,  or  pyr\  .  otic  graphix  * 
paper,  and  temperatures  in  excess  of  i8T0°C 

all  helped  ’•educe  the  incidence  of  d.  talng. 

As  u  *  data  in  Table  3.2  show,  alumina  is  remarkaoiy  ductile.  In  the 
case  of  the  solid  forgings,  it  was  p  jaible  to  calculate  tme  strain:  .as 
opposed  tc  engineering  strains)  and  strain  rates  and  these  data  are  shewn 
in  Table  3*^*  A  measure  »f  the  ease  of  forging"  can  be  <  >tained  from  the 
ratio  of  stress:  strain  rate  (lev  values  are  indicative  if  a  relatively 
easy  forging),  and  these  ratios  are  plotted  as  a  functi<n  cf  aspect  .atio 
in  Figure  3,k.  The  difficulty  of  forging  at  low  aspect  ra' ios  Is  a  real 
effect  and  due  to  the  large  hydrostatic  forces  referred  t.  above,  the  center  areas 
of  specimens  with  a  lew  asx>ect  ratio  of  O.Q33>  where  the  .ydrostatic  li -ces 
were  at  a  majdarm,  could  not  be  forged  at  all  (FA-88  and  t9).  It  is  net 
known  if  there  la  a  maximum  ease  of  forging  at  an  aspect  atio  of v  0.1;  there 
is  too  much  scatter  at  the  xarge.-  aspect  ratios  to  draw  f  :xi  conclusions. 

However,  it  is  reasonable  to  eroe  t  that  forgings  should  < ontlnue  tc  become 
easy  as  the  aspect  ratio  increase;.,  perhaps  until  barrelli  ig  becomes  evident. 

Run  FA-108  w.,a  terminated  before  appreciable  f  --Ring  had  caraecced. 

The  powder  had  shrunk  away  free  > he  3"  diameter  die  body  a  disc  2 
diameter  which  had  a  density  of  00*  of  theoretical.  It  ,y  le  assume 
that  all  the  powder  forgings  behaved  similarly,  and  the  1  v  pressures  i.  eded 
for  forging  (ccerpared  to  the  soli  '  pure  alumina  forgings >  i  die  ate  that  this 
large  amount  of  porosity  greatly  facilitated  tie  working.  A  further 
comparison  of  FA-12^  and  FA-133  substantiate.-*  this  ccoclu.  Ion.  In  addl  lc®, 
the  solid  hot  p-ease:*  AlpO^  ♦  1/4*  MgO  billets  till  forged  uirly  readily; 
this  is  attributed  to  the  fine  grain  size  of  these  billets  (the  abili* r 
of  MgO  to  retard  grain  growth  in  discussed  in  Section  3.7)  and  cc^parir® 
with  forging  of  larger-grained  iucalox  (FA-132,  lut-146)  mpporta  this  :cn- 
tenticn.  Cana  lerably  greater  pressures  were  needed  to  effect  forging  i.n  the 
latter  specimen'* 

In  aumssary,  a  total  cf  22  powder  forgings,  28  !  .ginga  froa 
solid  billets,  and  3^*  hot  pressings  were  conducted  cm  thif  phase  of  th  •  program. 
Tbe  remainder  of  this  section  is  devoted  to  a  discussion  cf  the  ^crc- 
structu res  and  properties  of  these  worked  samjues  and  to  the  important  1  recesses 
occurring  durin.’  working. 
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3' 3  Orientation  and  Properties  of  Single  Crystals  Grown  by  Strain  Anneal 
3.3.x  Orientation  and  Location  of  Single  Crystals 

Standard  laue  X-ray  tack-reflection  photograph*  were  used 
to  determine  the  orientation  of  a  n  Jjer  of  single  crystals,  varying  in 
volume  fraa  ,001  to  7  cm3.  A  typical  Iaue  photograph  ia  shown  in  Figure 
3»5  and  indicates  that  a  high  degree  of  crystalline  perfection  had  been 
achieved.  These  results  are  plotted  on  a  standard  (0001 )  projection,  (Figure 
3.6)  which  shows  the  pressing  direction  relative  to  the  ,:c"  and  "a"  axis 
for  each  of  the  crystals.  It  is  apparent  that  the  choice  of  orientation 
of  the  favorably  situated  nuclei  is  essentially  random,  even  though  the 
matrix  may  possess  a  pronounced  basal  deformation  texture  (see  Section  3»5)* 
Such  behavior  is  also  observed  in  the  strain -anneal  growth  of  metal  crystals, 
where  special  precautions  oust  be  taken  to  obtain  crystals  of  specified 
orientation.'®/  This  random  orientation  of  the  growing  crystals  is  also 
evidence  that  ’'texture-inhibited"  secondary  recrystallizatioc ) ,  i.e., 
the  growth  of  a  secondary  grain  of  preferred  orientation  into  a  matrix  with 
a  strong  primary  texture , different  from  that  of  the  secondary  grain,  is 
not  operative  in  the  present  experiments . 

The  location  of  the  single  crystal  areas  in  a  number  of 
billets  Is  shown  in  Figure  3-7»  reproduced  from  an  earlier  report.  The 
single  crystals  most  commonly  occurred  in  a  toroidal-shaped  area,  roughly 
half-way  between  the  center  and  the  circumference  of  the  press  forged  billets 
(Specimens  FA-21,  2k,  28,  32  and  33)  and  Figure  3*6  (a  higher  magnificat loo 
of  Figure  3.2)  shows  such  a  single  crystal.  It  has  already  been  mentioned 
that  the  shear  deformation  must  increaes  radially  exit ward  from  the  center 
of  the  billet  during  press  forging.  The  porous  large-grained  area  to  the 
left  of  the  single  crystal  was  near  the  center  of  the  billet,  and  bad  not 
been  strained  sufficiently  to  undergo  recrystailizatiem.  The  single  crystal 
almost  certainly  nucleated  in  a  region  of  strain  at/or  Just  in  excess  of 
the  critical  amount,  where  the  small  strain  prevented  excessive  nucleatian. 

For  single  crystal  growth  to  be  possible,  growth  of  the  first  nucleus 
must  proceed  at  such  a  rate  that  possible  nucleatian  sites  in  adjacent  areas 
are  consumed.  The  aree  to  the  left  of  the  single  crystal  had  been  deformed 
more  extensively;  hence,  the  nucleatian  rate  was  higher  and  recrystallization 
to  a  flue-grain  matrix  occurred  before  the  deformed  matrix  was  incorporated 
into  the  growing  single  crystal.  When  recrystallization  to  a  fine-grained 
matrix  was  complete,  the  driving  force  promoting  the  fast  growth  of  the 
single  crystal  was  eliminated. 

It  was  usual  for  these  areas  of  single  crystal  growth  to 
contain  a  small  number  of  randomly  oriented  single  crystals  (there  being  no 
circumferential  driving  force  for  crystal  growth  due  to  the  radial  symmetry 
inherent  in  press  forging)  and  Figure  3-6  shows  two  examples  (l80°  apart) 
of  differently  oriented  crystals  in  a  single  billet. 
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Figure  3*t>  Iaue  X-ray  Bark  refieoti^  Photograph  of 

Strain-Anneal  ingle  Jryatal  xn  Billet  FA-14 
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Fisjuro  3.6.  STEREOGRAPHIC  ORINETATION  OF  VARIOUS  SINGLE  CRYSTALS  GROWN 
BY  STRAIN  ANNEAL.  THE  PRESS-FORGING  DIRECTION  OF  EACH  CRYSTAL 
IS  FLOTTED  ON  A  STANDARD  BASAL  PLANE  PROJECTION 


GRAPHIC  ILLUSTRATION  OF  SINGLE  CRYSTAL  AREAS  IN  FORGED  A!zO, 


UH  SINGLE  CRYSTAL  AREAS 


FA-14 


SCALE  b*~  l"— *1 


FA  -33 


FA-2! 

FA-  22 

FA  -  23 

r~  i 

FA-24 


FA-  3i 


^ — SINGLE  CRYSTAL  SFEO 


FA- 32 


,  A  -  35 


FA-41 


FA  -42 


FVA-  I 


B6  -139  A 

Figure  3.  7.  LOCATION  OF  SINGLE  CRYSTAL  AREAS  IN  A  NUMBER  OF  PRESS-FORGED  BILLETS 
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In  addition,  it  can  be  seen  in  nre  3>7  that  ip  a  number 
of  cases,  nucleatian  cf'  single  crystals  appear? 1  t . .  proceed  from  a  surface 
in  contact  with  a  graphite  punch,  and  this  could  b<  emphasised  using  2° 
or  3*  domed  punches  (FA-31,  35 >  and  37)  or  punches  with  small  right  angle 
cones  extending  from  the  surface  (FA-42).  This  is  partly  because  the  shear 
strain  is  a  maximum  at  the  surface,  and  also  because  friction  between  the 
billet  and  punches  may  produce  very  heavy  local  deformation  at  the  surface, 
which  favored  nucleatian.  Most  of  the  single  crystals  30  produced  were 
relatively  small,  which  is  further  support  for  this  hypothesis. 

Several  dense  toroids  were  al  u-  f.  ;ved  (FA-38,  40,  and  4^.x 
and  single  crystal  growth  occurred  at  the  free  mte:  <  r  surface  of  the 
toroid,  but  was  otherwise  similar  to  the  billets  meat  oned  above.  This 
again  resulted  from  the  high  shear  strains  at  free  su:  faces;  in  addition, 
a  similar  effect  is  noted  in  metals,  where  a  high  cM slocat.icm  density  is 
found  in  surface  layers  30-50  u  thick,  even  in  the  am  ence  of  an  oxide 
layer,  and  this  results  in  preferred  nucleatias.  cf  new  grains  at  such 
surfaces  upon  annealing  deformed  single  crystals. (u) 

3  »3*2  Etching  of  a  large  Alumina  Single  Crystal  Produced  by  Strain  Anne 

FA-1^  contained  the  largest  single  crystal  achieved  to 
date— 7  cm^  in  volume .  A  porticn_of  the  billet  containing  the  polycrystalline 
matrix  and  polished  basal  and  ^112Q‘  prism  planes  was  chemically  etched  in 
^2^207  for  30  seconds  at  700oC.'^®)  Etch  pits  were  produced  on  both  faces, 
but  they  were  unusual  in  several  respects.  Firstly,  the  triangular  etch 
pits  on  basal  planes  were  flat-bottomed  and  sometimes  terrinated  in  pores 
(Figure  3*9)-  Although  flat-bottomed  pits  have  been  reported  in  a  nuc^er  of 
ceramic  single  crystals,  they  have  nt.  previously  been  reported  in  sapphire. 

They  are  usually  attributed  to  the  movement  of  dislocations  during  e  ching 
or  between  two  etchings,  in  contrast  to  pointed  etch  pits  at  a  stationary 
dislocation,  (it  is  possible  that  the  critical  experiments  needed  to  detect 
such  pits  have  not  been  conducted  with  sapphire.)  However,  the  etch  pits  were 
larger  than  would  have  been  expected  from  the  st  ort  time  of  etching.  For 
these  reasons,  the  etch  pits  are  not  believed  ti  be  the  termini  of  emergent 
dislocations,  but  may  have  been  caused  by  impurities  or  other  point  defects. 
Although  low  dislocation  densities  are  not  characteristic  of  metal  crystals 
grown  by  strain-anneal,  it  might  be  expected  that  ceramic  crystals  grown  by 
this  technique  would  be  appreciably  better  than  those  grown  from  the  melt;  the 
energy  needed  to  form  ~  dislocation  in  alumina  is  appreciably  higher  than  in 
metals,  and  low  dislocation  contents  might  thus  be  an  added  benefit  of  this 
solid-state  crystal  growing  technique.  The  area  immediately  adjacent  to  the 
palycrystalline  matrix  ia  Figure  3*9  appeared  to  be  essentially  pit-free. 

This  is  not  completely  understood,  a8  the  cry  -tal  wac  thought  to  be  growing 
Into  the  palycrystalline  matrix  in  this  region.  One  possibility  is  that  the 
impurities  (or  other  point  defects)  responsible  for  the  etc b -pits  were  in 
solution  during  the  strain-anneal  crystal  growth  but  precipl mted  at  seme  time 
after  growth  had  ceased;  those  icjpurities  near  the  single  crystal  boundary 
might  then  have  been  able  to  diffuse  to  the  boundary.  Figure  3*10  shows  one 
of  the  grains  of  the  matrix  completely  surrounded,  but  not  annihilated  by 


klfjE 

3.9 


1000  X 

B**al  Plane  of  Strain-anisaal  Single  Crystal 
after  Etching  in  K232O7  at  700*C  for  JO 
seconds.  The  vhite  singularities  aid  sub¬ 
surface  porosity. 
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the  strain-anneal  crystal.  Such  entrapped  grains  have  also  been  observed 
in  strain-anneal  metal  crystals,  vll)  and  are  probably  due  to  only  a  small 
orientation  difference  between  the  growing  crystal  and  the  entrapped  grain. 

On  1120;  prism  planes  (Figure  3*H)  the  rhombic  etch 
pits  were  also  flat-bottaned  and  were  similar  in  size  to  the  triangular 
etch  pits  cn  basal  planes;  they  probably  had  a  similar  origin.  In  addition 
to  these,  smaller  rhombic  etch  pits  (arrowed  in  Figure  3  Ll)  were  arranged 
in  parallel  rows.  It  is  suggested  that  these  small  pits  represent  emergent 
dislocations,  perhaps  produced  by  basal  slip  after  the  single  crystal 
growth  had  ceased.  Further  evidence  for  this  can  be  seen  in  Figure  3*12, 
an  area  in  the  pc ly crystalline  matrix.  In  those  grains  properly  oriented 
for  etching,  two  types  of  etch  pits  were  found.  The  shape  of  the  larger 
pits  suggested  that  the  etched  surfaces  were  also  -  ll3of  .  This  surface 
of  the  polycryatalline  matrix  was  parallel  with  the  pressing  direction. 

It  will  be  shown  (Section  3-5)  that  the  polycrystalline  .aggregate  probably  had 
a  pronounced  basal  texture,  with  the  e-axis  of  the  individual  grains  parallel 
to  the  pressing  direction;  thus,  ^1120i,  faces  should  be  observed  in  preference 
to  (0001)  which  is  consistent  with  the  morphology  of  the  larger  pits. 

3 •  *♦  Dense,  Fine-Grained  Elongated  and  Eouiaxed  Microstructures 
3.4.1  Elongated  Structures  after  Hot-Working 

It  has  been  possible  to  produce  dense,  fine-grained  elongated 
structures  by  hot  working,  and  such  a  structure , taken  from  a  previous  report, 
Is  shown  in  Figure  3-13-  In  the  case  of  pure  alumina,  the  exact  conditions 
leading  to  this  structure  are  not  known  with  certainty.  However,  it  will 
be  suggested  in  a  later  section  that  this  fine-grained  elongated  structure 
is  in  fact  evidence  of  a  deformation  (rather  than  a  recrystallization )  texture. 
Thus,  it  may  be  that  fast  strain  rates,  fallowed  by  an  effective  quench, 
would  prevent  recrystallization  and  thereby  promote  the  retention  of  elongated 
mi  crostru c tures . 


Elongated  micrcstructures  are  most  easily  produced  by 
heavily  forging  hot-pressed  billets  of  the  composition  AI2O3  +  l/k%  MgO.  An 
additions.'  ’  enefit  is  the  retention  of  finer  grain  sizes,  and  a  typical 
structur  1  shown  in  Figure  3*14.  This  effect  of  MgO  is  discussed  fully 
■  n  Sectio*.  3.7. 

3.4.2  Equlaxed  Structures  after  Sot-Working 

The  area  to  the  right  of  the  single  crystal  in  the  composite 
of  Figure  3-8  is  dense  and  equlaxed,  and  differs  in  grain  size  from  the  area 
to  the  left  of  the  single  crystal  by  a  factor  of  6  (14  u  compared  with  90  u). 
The  coarser  microstructure  is  similar  to  microstructures  of  samples  hot- 

pressed  (but  not  worked)  at  this  temperature  (Figure  3«i5).  Furthermore,  the 
fine  grained  equiaxed  structure  possesses  a  crystallographic  texture  (see 
Section  3*5)  which, because  of  the  absence  of  grain  elongation,  must  be  a 


Figure  3.11  £l_L20j  prim  plane  of  strain-anneal  wlnmim 

single  crystal  alter  etching  In  K^vjOt  at 
700'C  for  30  seconds.  The  scalier  pl{s 
(arrowed)  all  lie  in  parallel  rows.  The 
etch  furrows  (A ,  B,  C)  are  due  to  polishing 
scratche? 


Figur«  3.L2  Polycry»itAlUne  aatrlx  of  billet  FA-14 

aiix&le  crvstJLl  fLfx^r 

•telling  tn  at  700* C  for  30  mcoo4j. 


Figure  3»13  Microetructure  of  FA-31*  (pure  AlgOg) looking 
Parallel  (a)  and  Perpendicular  (b)  to  Presa- 
f urging  Direction. 
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recry stalllzat lea ,  rather  thin  a  deformation  texture.  It  has  been  possible 
to  produce  such  microstructures  throughout  large  portions  of  a  billet, 
and  Figures  3.16  and  3.17  are  examples  of  billets  where  single  crystal 
formation  was  suppressed,  and  large  portions  of  the  billet  had  a  fine¬ 
grained  equlaxed  microstructure.  This  microstructure  has  been  achieved 
most  successfully  in  forging  of  powder  billets,  although  it  has  been  very 
difficult  to  ascertain  the  exact  forging  conditions  needed  to  reproduce 
such  structures.  However,  as  these  billets  possess  a  marked  recrystallisation 
texture,  it  may  be  that  a  slow  uniform  strain  rate  is  needed  to  obtain 
this  structure. 

3.5  Crystallographic  Textures  after  Deformation  and  Recrystallization 

Pronounced  crystallographic  textures  are  a  further  very  interesting 
effect  of  hot  working.  These  textures  were  observed  in  materials  with 
both  equlaxed  and  elongated  microstructures.  The  preferred  crystallographic 
orientation  in  equlaxed  structures  is  almost  certainly  associated  with  a 
recry stalll satl on  texture;  crystallographic  texture  in  recrystallized  metals 
is  commonly  fo>  M  in  equlaxed  materials.  In  those  materials  containing 
both  a  microsti^.tural  and  crystallographic  texture,  this  texture  could  also 
be  due  to  recrystallization  and  an  example  of  such  a  large -grained  elongated 
structure  will  be  shown  In  Section  3.8,  However,  it  is  believed  that 
relatively  fine-grained  elongated  structures  possess  a  deformation  texture 
and  evidence  in  support  of  this  will  be  given  in  the  next  section. 

In  both  these  cases,  the  actual  texture  is  the  same,  with  the  "c" 
axis  of  the  individual  grains  aligned  parallel  to  pressing  direction  of  the 
forging.  This  basal  texture  was  described  in  the  previous  work '3),  but  has 
now  be  examined  in  more  detail. 

Figure  3.38  shows  a  pole  figure  of  billet  FA-126  (deformed  to  a 
6$  height  reduction  inl5  minutes  at  1850*C).  The  plane  of  the  stereo¬ 
graphic  projection  corresponds  to  the  top  of  the  disc-shaped  billet,  and 
the  pressing  direction  is  at  the  center.  The  contour  lines  refer  to  the 
intensity  of  a  basal  reflection  above  background,  and  the  peak  intensity 
near  the  center  of  the  projection  shows  clearly  the  stre  basal  texture. 

The  pole  figure  has  not  been  extended  past  30s  because  the  basal  reflection 
then  falls  off  to  the  same  level  as  background  .  It  is  also  interesting 
that  this  texture  exhibited  an  almost  perfect  circular  symmetry,  which  is 
consistent  with  the  radial  symmetry  present  (hiring  press  forging.  Portions 
of  this  billet  were  examined  by  transmission  electron  microscopy  and  showed 
considerable  evidence  for  dislocation  networks  and  dipoles  (Section  3*6); 
thus,  this  pole  figure  probably  represents  a  deformation  texture.  Although 
no  pole  figures  have  been  determined  on  samples  with  a  recrystalMsatlcn 
texture,  other  X-ray  work  (below)  suggests  t:  a  an  identical  pole  figure 
would  be  obtained. 

The  determination  of  X-ray  pole  figures  are  particularly  tedious, 
and  for  moat  determinations  of  crystallographic  texture,  it  was  convenient 
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figure  3.16  Microstructure  of  FA-107,  Forged  far  2  Hours 
at  1870 °C  and  6000  psl.  Note  the  cquiaxed 
recrystallized  structure. 
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Figure  3*17  Microstructure  of  FA-109,  Forged  for  4  Hours 
at  l860-l880*C  and  6800  psl.  Koto  be  equlaxed 
recrystallized  structure. 
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Metallograi  .  Inv'  i ration  oi  tb». .v  j-.pleo  also  indicated  a 
mlcrostructural  textur*  .  Ira in  elongation  was  apparent  at  18$  height 

reduction  and  became  more  ;:*nrkc  i  st  higher  de format;  ons.  The  extensive 
mleroatructural  texture  tr.  pure  alumina  specimen  ;au>  shown  In  Figure  3.13 
vhlle  Figure  3*1^  showed  lanrntlcn.  ir.  a  specimen  AI2O3  +  1/4$  Mgo.  The 
finer  grain  alze  of  the  i.itter  .;i>eeimen  attests  t  -  the  ability  of  the  MgO 
addition  to  retard  grain  growth. 

Microstructurt  texture  could  also  bo  detected  during  chemical 
etching,  even  when  no  grain  elongation  occurred,  specimens  cut  and  polished 
normal  to  the  press  forging  direction,  exposing  ran  a  planes  for  specimens 
vlth  a  pronounced  basal  texture,  etched  much  moro  .  adily  than  specimens 
polished  parallel  to  this  direction  (thereby  exposing  prism  planes). 

RecrystallizatJ on  texture,  in  equiaxed  specimens  were  most 
co— only  observed  in  specimens  forged  from  powders,  and  lable  3.6  lists  the 
X-ray  evidence  for  this  texture.  It  is  not  known  why  some  specimens  exhibited 
anisotropy  mainly  for  basal  reflections  (FA-106)  or  mainly  for  prismatic 
reflections  (FA-103,  and  FA-109)  while  other:;  shoved  anisotropy  for  both  sets 
of  reflections.  The  degree  of  orientation  indicated  by  these  data  approached 
that  In  the  most  extensively  deformed  specimen.,. 

These  optical  properties  of  these  recrystallized  specimens  are 
particularly  interesting,  as  the  crystallographic  textur  and  high  density 
leads  to  highly  transparent  poly.rystalline  specimens.  This  is  possible  because 
the  texture  allows  specimens  to  be  oriented  sc  that  light  scattering  due  to 
birefringence  beccneo  negligible.  The  effect  can  be  seen  in  Figure  3.20; 
the  birefringence  In  the  randomly -oriented  sintered  sample  (Iuc&lox)  leads  to 
scattaring  and  to  the  loss  of  the  image  when  the  sample  13  raised  off  the  paper, 
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RATIO,  1  II  TO  P.F  DIRECTIONS, OF  NORMALIZED  <03301  AND  !  11201  REFLECTIONS 


HEIGHT  REDUCTION, percent 


77H22P 


3,19.  PLOT  OF  RATIO  OF  NORMALIZED  INTENSITIES  OF  X-RAY  R£,  lECTIONS 
FOR  2  PLANES,  ONE  PARALL  .  AND  THE  OTHER  PERPENDICULAR  TO 
THE  PRESS-FORGING  DIRECTION 
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RATIO, ill  TO  PF  DIRECTION,  OF  NORMALIZED  <10  !  10)  REFLECTIONS 


TABLE  3.6 


X-RAI  EVUtSSCE  F®  SEGKrSTALLIZATIQH  TEXTURES 
n  EQUIASED  SPSCXMEgS _ _ _ _ 
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even  though  the  total  transmission  of  this  sample  is  quite  good.  This 
subject  is  under  invest! get! on  under  another  program  in  our  laboratory.* 

Micros  true  tural  texture  was  also  observed  after  forgings  in  the 
temperature  range  1350-1 5Q0eC.  (The  experiments  performed  in  this  temperature 

range  were  listed  in  Table  3*2.)  Of  particular  interest  is  specimen  JC~8, 
which  had  been  forged  a  height-  reduction  of  2 6$  at  1350*0  in  106  minutes 
at  a  load  corresponding  to  35/000  psi  cat  the  i^itia*  specimen  diameter. 

The  load  was  kept  constat,  'ad  the  temperature  increased  to  1500° C,  a  total 
height  reduction  of  hy$>  being  achieved  in  205  minutes.  The  texture  observed 
can  be  seen  in  Figure  3*21  (it  may  be  mentioned  that  the  grain  size  increased 
by  a  factor  of  two  during  this  experimnt).  Forging  in  this  temperature 
range  may  be  particularly  interesting,  particularly  if  it  can  be  demonstrated 
that  this  range  is  below  the  "recrystallizatioa  temperature " . 

3*6  DefcoraatlcB  Mechanisms  Occurring  During  Hot  Working 

It  has  been  demonstrated  that  polycry  stall!  ne  alumina  is  exceedingly 
ductile  at  the  hot  “Working  temperatures  (see  for  example,  Table  3°^)  end  it 
Is  pertinent  at  this  point  to  discuss  probable  deformation  mechanisms. 

As  in  the  case  of  most  metals,  slip  and  twinning  have  been  well 
documented  for  single  crystal  alumina,  and  Table  3*7  lists  the  operative 
planes  and  direction,  as  well  as  the  temperatures  where  each  mode  of  plastic 
deformation  has  been  found  to  be  important. 

The  marked  basal  deformation  texture  is  very  good  evidence 
that  the  primary  deformation  mode  is  basal  slip;  the  texture  arises  from 
rotation  of  the  basal  planes,  due  to  a  rrperposed  bending  moment,  so  that 
they  became  pw-pendlcular  to  the  pressing  direction.  (The  bending  is  due 
to  constraints  imposed  by  the  punches,  "eighborirg  grains,  etc.)  Examination 
of  thinned  foils  by  electron  microscopy  of  specimens  possessing  a  deformation 
texture  showed  extensive  evidence  of  slip,  and  similar  evidence  has  been 
presented  previously.  '3/  What  woe  particularly  interesting  in  the  ease 
with  which  such  dislocations  were  observed  in  these  specimens,  in  contrast 
to  the  difficulty  is  detecting  dislocations  in  hot  pressed  specimens  or  in 
specimens  tested  In  bending  in  the  temperature  range  1300-l600*C.  Figures  3.22  and 
3.23  shew  evidence  for  dislocation  networks  and  dipoles,  respectively,  and  ,  . 

slip  bonds  detected  by  chemical  etching  in  a  worked  structure  was  shown  previously.  '3/ 

Although  basal  slip  is  undoubtedly  the  primary  mode  of  deformation, 
it  Itself  will  now  allow  homogeneous  deformation  of  a  randomly  oriented 
polycrystclline  aggregate  without  void  formation.  Groves  and  Kelly  have 
analysed  the  situation  for  alumina,  and  shoved  that  even  if  both  basal  and 
primsatic  plane  slip  were  occurring,  the  Von  Mises  criterion  would  not  be 
satisfied.  Twinning  may  be  occurring,  although  mlcrographic  evidence  of 
twinning  was  sparse  at  best.  Alternatively,  rhombohedral  slip  or  a  stress - 
enhanced  Kabarro-Hsrring  type  of  creep  may  provide  the  extra  degree  of  freedom 
(the  two  eaqperlmantslly  observed  slip  systems  will  provide  only  four  Independent 
flip  systems;  the  Von  Mises  criterion  requires  fire).  Although  rboebohadral 


*  See  footnote,  page  25 
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Figure  3.21  Micro»tructural  texture  la  relatively  law  i«<peratur» 

pre**  forged  aluaiaa.  (*)  Parallel  aad  (b)  Berpeadlcular 
to  pspe ■■  forging  direction. 
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TAB3JE  3-7 


MOCKS  OF  PIA5TXC  BEF0W4AIIGB  IB  ALUMUIA 


System 

Crystallographic  plane* 
and  direction 

Tea^peratur*  Regime 
where  deformation 
ssode  has  been  observed 

basal  slip 

(0001)  <1120> 

900*0  -  2000*0 

prismatic  plan*  slip 

o 

t 

l600*C  -  2000*0 

rhcajbchedral  slip 

(  ?  )  <10U> 

? 

basal  twinning 

*i  (cooi)  m  [law] 

23°  -  1500°c 

x2  (2021)  Ug  fioit] 

(hydrostatic  pressure) 

rhomb chedral 

Kx  (1011 )  nx  pj0O2] 

“196°  -  1500*0 

twinning 

Kg  (1012)  K»2  L10^] 

Kabarro-Herring  creep 

not  applicable 

1150  ~  1950*0 

*  Based  co  morphological  unit  call 


6732?  30,000  X 

Figure  3«2£  Evidence  for  Dislocation  Hetvork  la  Thin 
Foil  of  Deformed  AlgO^ 


57326  1*0,000  X 

Figure  3.23  Evidence  for  Di elocution  Dipole*  In  Thin 
Foil  of  Deformed 
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•lip  has  not  been  «xp®rlffi8nt«lly  confirmed  in  a  tensile  test  in  sappiw.-e. 

Barber  and  Tighe^  >  hare  found  extensile  evidence  of  dislocations  with 
a  rhenbahsdral  Burgers  rector,  A2'o,  Wachtman  and  Maxwell'^'  observed 
creep  in  a  sapphire  sptclaen  which  was  oriented  so  that  no  shear  stresses 
could  be  resolved  on  either  basal  or  prim  planes;  this  probably  deforasd 
by  rhcmbohedral  slip.  A  similar  situation  occurs  in  zi  %  Basal  slip 
(0002)  CU20)  Is  the  major  d*>f carnation  node,  although  fll22](Il23>  is  a 
veil -established  secondary  system,  even  though  It  la  difficult  to  activate 
in  tensile  tests  of  single  crystals  at  rocs  temperature .  In  addition, 

•lip  on  the  systens  [lOlTjOisS)  >  and  /lollv(i2lo)  have  been  suggested, 
and  at  high  temperatures,  primaatic  slip  £l010j  '1210/  .  In  all  cases, 
constraints  due  to  neighboring  grains  are  the  reason  these  secondary 
defamation  nodes  bee  can  operative,  even  though  the  critical  resolved  shear 
stress  is  very  ouch  lower  for  basal  slip.  (In  zinc,  rhcmbohedral  twinning 
is  also  very  important.) 

One  electron  nlcrogrsph  of  a  hot -worked  alumina  specimen  was 
obtained  previously v2)  which  shoved  extensive  dislocations,  even  though  a 
strong  basal  reflection  was  operating.  As  this  would  be  a  condition  for 
no  contrast  far  either  basal  or  prism  plane  dislocations  (g.b  ■  0),  this 
is  further  evidence  for  the  probable  occurrence  of  an  additional  (rhoobohedr&l) 
slip  system  operating  during  hot  working. 

Ota  the  other  head,  plastic  deformation  occurring  via  stress- 
enhanced  vacancy  diffusion,  is.,  Rsbarro-Herring  creep,  has  been  found  to  be 
very  prevalent  in  fine-drained  alumina  (Section  3.10),  and  it  may  be  that 
some  process  such  as  this  is  providing  the  extra  independent  defoxmatlcu 
system  in  hot  wonting.  Assuming  a  D  of  10"5  at  19CX  J  (see  Figure  3>bl,  Section 
3.10)  end  a  grain  size  of  5  u,  a  creep  rate  of  .05/sln  is  possible,  and  this 
le  of  the  seam  order  of  magnitude  as  the  observed  strain  rates  (Table  3.3). 


3*7  Effect  of  MgO  on  Pr*  lary  R*cryataXllzation 


The  Inhibiting  effect  of  MgO  on  grain  boundary  mobilities  in 
alumina  is  well-known^?)  and  is  the  baa'd  of  the  lucalox  process  for  sirt- 
ering  alumina  to  full  density.  The  physical  basis  “or  thi?  grain  boundary 
inhibilitation  apparently  lies  in  the  segregation  of  «gG  (when  added  in 
concentrations  of  1/1$)  at  grain  boundaries.  Much  of  the  press  forging 
work  during  the  current  research  has  been  with  the  composition,  AlgOj  +  1/1$ 
MgO,  which  was  intended  to  prevent  excessive  grain  growth  during  the  high 
temperature  cycle  needed  for  press -forging.  This  approach  was  successful, 
as  10  u  was  about  the  upper  limit  of  grain  size  after  forging.  In  addition, 
the  inhibiting  effect  of  the  MgO  additions  on  grain  boundary  mobility 
greatly  retarded  primary  recrystallization.  For  example,  no  single  crystals 
(arbitrarily  defined  as  grains  visible  to  the  naked  eye)  have  ever  been 
observed  after  forging  this  composition.  Under  conditions  which  favor 
single  crystal  growth  (powder  compacts  and  long  times  at  temperature), 
recrystallization  only  occurred  in  the  most  heavily  deformed  areas  and 
resulted  in  equiaxed  microstructurea  (Figure  ^.2k)s  which  possessed  a 
marked  crystallographic  texture.  In  all.  other  cases,  heavily  deformed  billets 
showed  pronounced  micros true tural  elongation  deformation  and  a  well  defined 
texture . 


Because  of  the  lack  of  recrystallization,  these  latter  specimens 
had  appreciable  dislocation  densities  within  grains  (see  preceding  section). 
Thus,  the  MgO  aided  in  obtaining  reproduclbly  a  large  group  of  unique 
alumina  specimens- hi  gn  In  dislocations  and  possessing  a  marked  micros  true  tural 
and  crystallographic  texture  -  which  were  suitable  for  mechanical  property 
evaluations  and  could  be  compared  with  hot -pressed  or  sintered  alumina  (Section 
3-10). 


One  further  possibility  is  that  the  differences  in  recrystallization 
between  Fore  and  magnesia-doped  specimens  originated  in  the  distribution 
of  strain  energy  in  the  deformed  matrices.  The  magnesia  containing  samples 
will  undergo  less  grain  growth  upon  heating  to  the  press  forging  temperature, 
and  it  may  be  that  there  is  a  more  uniform  distribution  of  slip  in  such  a 
fine-grained  matrix  than  In  the  coarser-grained  pure  alumina.  (In  particular, 
deformation  bands  due  to  single  (basal)  slip  might  be  less  prevalent  in 
the  finer-grained  materials.)  A  somewhat  similar  case  is  known  in  TD-nickel, ^) 
where  the  optimum  high  temperature  properties  are  achieved  after  successive 
strain  and  recovery-anneal"  cycles;  the  dislocation  distribution  is  re¬ 
arranged  during  each  cycle  so  as  to  enhance  resistance  to  recrystal  11 ration. 
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Figure  3*24  Kquiaxed  Recrystallited  Structure  ifa  AlgC 
+  1/4$  MgO.  This  apeciaen  had  been  forged 
froo  a  powder. 
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Figure  3-25  Microstructure  of  FA-34  after  Annealing  for 
2  Hour#  at  19O0*C  In  Vacuus. 
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3.6  Annealing  of  reformed  and  Becrystallized  Material* 

» 

Selected  high  temperature  1900*C)  annealings  have  been  conducted 
cn  both  deformed  and  recrystallized  structures,  and  these  experiments 
helped  clarify  many  details  of  the  recrystallizaticn  process,  particularly 
the  distinction  between  deformed  and  re crystallized  textures. 

Figure  3.25  shows  the  microstructure  of  FA~3b  after  annealing 
at  1900°C  for  2  hours  (the  unannealed  microstructure  is  shown  in  Figure  3«12)« 
Although  some  porosity  was  generated  during  this  anneal,  the  main  effect 
is  an  er  rmous  increase  in  size,  free  10  u  to  80  u.  This  very  rcoid 
grain  growth  is  about  double  that  expected  from  an  exaggerated  grain 
growth  mechanism*,  and  is  thus  attributed  to  the  greater  driving  force 
resulting  from  recrystallization. 

It  was  argued  previously  that  elongated  fine-grained  structures 
occurred  in  samples  with  a  deformation  texture,  while  equiaxed  fine  grained 
structures  occurred  in  conjunction  with  a  recrystallizaticn  texture.  The 
recrystallized  structure  shown  in  Figure  3*25  is  relatively  coarse  and 
elongated,  and  it  is  pertinent  to  inquire  about  the  origin  of  the  micro- 
structural  anisotropy  and  whether  it  bear.,  on  the  problem  of  the  origin  of 
the  recrystallization  texture. 

It  has  already  been  mentioned  that  the  deformation  texture  is 
unchange  a  upon  recrystallizaticn  and  alumina  is  in  this  wav  similar  to  seme 
of  the  hexagonal  metals  -  particularly  zinc  and  its  alloys'1'',  Thi*  may 
be  evidence  that  the  recrystallization  texture  originates  in  a  preferred 
orientation  in  nucleaticm,  rather  than  <n  enhanced  grain  growth  rates 
of  grains  of  a  certain  orientation.  This  i-  contrary  to  recrystallizaticn 
in  fc ’  metals,  where  the  most  recent  evidence  is  that  the  texture  arises 
from  oriented  growth. (-6)  However,  it  is  difficult  to  see  how  the  fine¬ 
grained  equlaxed  recrystallized  structure  shown  in  Figure  3*24  could 
have  grown  by  oriented  growth;  anisotropy  in  a  hexagonal  material  should 
also  give  rise  to  a  microstructural  texture,  due  to  the  nnis-vi *1  ajnwetry 
(c/a  ratio  «  2.73)*  However,  there  is  unquestionably  some  anisotropy  in 
grain  growth  rates  in  aluir-na,  and  this  Is  manifested  by  platy  or  tabular 
grains  in  alumina  hot-pressed  or  sintered  at  relatively  high  temperatures 
to  produce  large  grains  (see  Figure  3.15).  Thus,  the  correct  interpretation 
for  Figure  3-25  niay  be  that  the  crystallographic  texture  arose  from 
oriented  nucleation,  while  the  microatructural  texture  arose  from  oriented 
growth.  This  microatructural  texture  after  re crystallization  does  not  occur 
at  small  grain  sizes  because  of  the  I  aaount  of  growth. 

Recrystallizatlon  up jn  annealing  was  also  observed  in  magnesia  containing 
specimens,  as  shown  in  Figures  3-26  and  3.27.  These  specimens  had  been 
deformed  to  a  height  reduction  of  13$  and  50-584  respectively,  and  both  showed 


*  [ .  Mistier,  private  communication,  M.I.T. 
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Figure  3*26  Microatructure  of  7A  94  after  Annealing 
for  5  Bcura  at  ld60eC. 
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figure  3-27  Hlcroetructure  of  FA-52  after  Annealing 
for  5  Hour*  at  186©*C 
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a  micros true tural  deformation  texture.  (The  microstructure  of  FA-52  before 
a-nealing  la  shown  in  Figure  3,14.)  The  annealed  aicrostructiiral  texture 
is  more  pronounced  in  FA-52,  no  doubt  because  the  deformation  texture  was 
also  stronger.  It  was  surprising  that  the  annealed  grain  size  of  FA-52 
was  not  appreciably  smaller  than  FA -84,  as  it  has  been  more  extensively 
worked  (see  Figure  3-l)-  This  can  probably  be  attributed  to  the  sluggishness 
of  recrystnllizatlcn  in  these  magnesia- doped  specimens,  which  thus  allowed 
xcisiderable  recovery  (annealing  out  of  strain  energy  by  annihilation  and 
diffusion  of  dislocations )  before  appreciable  recrystailisation  conaenced. 
This  may  also  be  the  reason  for  the  nan-uniform  grain  growth  in  PA -84; 
areas  cf  low  strain  underwent  complete  recovery  during  annealing. 

To  date,  no  successful  annealing  studies  Lave  been  conducted 
cn  equiaxed  recrystalilzed  pure  alumina  specimens,  but  Figure  3*28  shows 
the  microstructure  of  FA-I36  (AI2O3  -1-  1/4$  KgO,  see  Figure  3>24  for  an 
manneoled  microstructure)  after  an  80  hour  anneal  at  l800’C.  Ctoly  normal 
grain  growth  occurred  (the  MgO  suppressing  all  exaggerated  growth),  and 
this  is  very  strong  evidence  that  all  dislocations  had  been  removed 
during  the  recrystallization  of  the  equiaxed  structure. 

dingle  crystal  growth  has  also  been  observed  during  annealing, 
but  ^.nly  for  specimens  "quenched"  at  an  early  stage  of  the  press-forging. 
Figures  3.29  and  3-30  are  low  magnification  photo's  of  specimen  FA-142, 
before  <*nd  after  annealing  at  1900°C  for  3  and  1/2  hour3.  This  powder 
billet  had  been  ueld  at  temperature  and  pressure  for  1/2  hour  during  hot 
forging  rather  than  the  1-5  hours  usually  used  for  such  billets.  These 
photos  demonstrate  the  not  unsurprising  fact  that  single  crystal  growth 
is  a  critical  function  of  time  and  deformation.  Annealing  a  portion  of 
a  billec  containing  a  well -developed  single  crystal  either  produced 
normal  grain  growth  or  exaggerated  grain  growth  of  the  single  crystal  (Figure 
3.51). 


Finally,  Figure  j.32  is  a  composite  micrograph  of  a  portion  of 
FA-lOo  further  removed  from  the  composite  area  shown  in  Figure  3-9*  (The 
fine  grained  matrix  at  the  left  of  this  micrograph  is  part  of  the  same 
general  area,  but  separated  by  ~7  10,  from  the  fine-grained  matrix  at  the 
right  of  Figure  3*®*  )  The  large  grains  may  have  grown  by  exaggerated  grain 
growth  after  recrystallizatlcn.  There  are  two  possible  gradients  in  thi1? 
portion  of  the  billet,  a  grain  size  gradient  resulting  from  primary  recrystalliz¬ 
ation,  the  grains  becoming  smaller  further  from  the  center  of  the  billet  due 
to  the  increasing  shear  deformation,  and  a  thermal  gradient,  due  to  the 
heating  arrangement  (the  die  body  being  the  susceptor);  the  asuLller  grains 
being  at  a  higher  temperature,  ouch  gradients  could  give  vi.ae  to  the  observed 
ra.liol  grarH  ent  in  gra.'ns  which  had  experienced  exaggerated  growth.  However, 
thus  micrograph  is  similai  to  Figure  3*26,  vhcreln  the  mi  cros true  tore  was 
though  to  result  frem  recrystallitatlco.  It  may  therefore  be  due  to  a  second 
primary  recryatalllzatlar.  caused  by  continued  deformation  after  the  first 
primary  recrystallizatian.  The  gradient  in  recrystallized  grains  would  then 
follow  the  expected  gradient  in  shear  strain.  However,  such  further  deformation 
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Figure  3.26  Mi  (.’restructure  of  Equiaxer'  AI2O3  +  1/4$  MgO 

after  80  Hour  Anneal  at  Note  the  lack 

of  appreciable  grain  grt  th  during  thin  annealing. 
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Figurt  ■’,29  Macrophotograph  of  FA-142,  "quenched" 

before  Press  Forging  had  been  completed. 
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Figure  3.30  Micropbotograpb  o t  ?k~lk2  after  3  i/2  > 

Hour  Anneal  at  1900*0  In  Vacuum.  J 
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photograph  of  population  of  larger  grains 
.  Note  the  radial  gradient  ;n  the  number 
grains.  The  arrowed  features  are  d'.  s-ussed 

r  section. 


would  require  extensive  nan*'-' sal,  non -prism  plane  slip,  due  to  the  pronounced 
recrystalllzatioa  texture  (there  would  be  zero  resolved  shear  stresses  on 
both  basal  and  prism  places).  It  will  probably  be  necessary  to  experimentally 
separate  deformation  processes  from  recry atallizatioc  processes  to  resolve 
this  point. 

3.9  Removal  of  Porosity 

The  application  of  stress  during  ordinary  pressure  sintering 
greatly  reduces  the  taaper?.ture  necessary  for  the  removal  of  the  last 
porosity.  It  is  now  well  established^!  that  the  densificaticn  mechanism 
in  the  final  stages  of  this  process  is  diffusional,  the  applied  stress 
Increasing  the  concentration  gradient  between  the  pores  (source)  and  grain 
boundaries  (sink).  In  normal  (pressureless)  sintc*  !ng,  the  driving  force 
for  densificaticn  arises  from  the  surface  tension  of  the  pores,  and  a 
certain  concentration  gradient  of  vacancies  is  established.  The  additional 
concentration  gradient  in  pressure  sintering  can  be  described  by  the  Kelvin 
equation: 


AC  *  Coil 

kT  " 


(  "b  -sp> 


where  Co  is  the  equilibrium  vacancy  concentration,  12  the  vacancy  volume,  a  g 
and  <7p  the  stress  on  a  grain  boundary  and  an  a  pore,  respectively,  and  k 
snd  T  have  their  usual  meaning.  The  following  simple  argument  shows  that  Vg 
must  always  be  larger  than  ap.  The  normal  compressive  stress  at  a  pore 
surface  must  be  equal  to  the  applied  pressure  a  if  one  assumes  the  solid 
compact  distributes  the  pressure  hydrostatically.  Grain  boundaries  oust  also 
transmit  this  same  force,  but  as  a  grain  boundary  will  intersect  a  random 
number  of  pores,  the  solid  area  of  the  grain  boundary  must  sustain,  cm 
average,  a  higher  force.  The  success  achieved  in  pressure  sintering  occurs 
because  a  larger  flux  of  matter  can  travel  along  this  increased  vacancy  grad¬ 
ient,  and  thus  eliminate  porosity,  at  temperatures  low  enough  so  that  grain 
growth  is  limited.  In  other  words,  the  two  factors  of  importance  are  a 
high  vacancy  flux  and  a  short  source-sink  distance. 

The  porous  microstructure  to  the  left  of  the  single  crystal  in 
Figure  3-8,  and  the  high  temperature  hot-pressed  sample  shown  in  Figure  3*15 
sure  examples  where  the  grain  growth  rates  were  high  enough  to  isolate  pores 
sufficiently  far  from  grain  boundaries  so  that  they  could  not  be  removed 
by  diffusion  of  vacancies.  Thus,  it  appears  that  in  the  recrystallized 
area  in  Figure  3-8  (forged  from  powder;,  either  the  deformation  or  the 
subsequent  recryetalllzaticn  must  have  been  effective  in  removing  oores . 

The  entrapped  porosity  in  the  left  of  the  single  crystal  of  this  figure,  as 
well  as  the  porosity  shown  in  the  large  etcued  single  crystal  in  Section  3-3, 
suggested  that  the  movement  of  a  grain  boundary  during  recrysta-lizatian  may 
Itself  not  be  a  particularly  effective  way  of  removing  porosity,  even  if  that 
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grain  boundary  intersects  a  pore.  This  is  not  surprising,  as  a  similar 
situation  arises  In  pressureless  sintering,  whenever  exaggerated  grain 
growth  occurs;  porosity  becomes  entrapped  because  the  mobilities  of 
the  grain  boundaries  of  growing  secondary  grains  are  high  enough  to 
allow  them  to  sweep  past  pores. 

One  possible  explanation  is  that  the  cLe formation  during  hot 
working  contributes  to  removal  of  porosity.  The  observation  that  the 
decreasing  porosity  gradient  in  Figure  3*8  seems  to  parallel  the  increas¬ 
ing  strain  gradient  is  evidence  for  this.  The  exact  mechanism  of  porosity 
removal  during  deformation  is  not  known  with  any  certainty,  but  the  following 
may  be  suggested: 

1.  "Pipe"  diffusion  along  dislocations  to  grain  boundaries; 

2.  Destruction  of  pore  equilibration  (shape,  size,  etc.) 
by  deformation  of  the  surrounding  matrix; 

3.  Grain  boundary  shearing  or  sliding;  and 

U.  Closing  of  pores  '  2'  self  welding.  This  last  process 
requires  that  the  gas  entrapped  in  the  pores  have  some 
solubility  in  the  matrix. 

It  would  appear  that  further  theoretical  work  is  needed  to  ascertain 
if  any  of  these  (or  others)  may  be  important  in  the  present  process.  However, 
while  rapidly  moving  boundaries  of  recryatalllzing  grains  may  not  be  able 
to  remove  pore  ..ty,  the  recrys tainted  structure  may  be  much  more  suitable 
for  subsequent  densifieaticn  than  the  original  matrix.  Such  a  situation 
is  suggested  by  sane  of  the  work  with  powder  billets.  Quenching  a  forged 
powder  billet  as  soon  as  the  rate  of  punch  travel  has  slowed  down  (^1/2  hour) 
lead  to  a  porous  partially  re< crystallized  m.'1* restructure:  this  is  shown  in 
Figure  3 *  33 *  However,  leaving  such  a  billet  under  temperature  and  pit _ sure 
for  long  times  (4-6  hours)  leads  to  the  dense  optically-tranaparent  poly- 
crystalline  specimens  shown  in  Section  3.5.  The  transparency  is,  of  course, 
excellent  evidence  that  all  porosity  vas  removed,  as  any  remaining  pores 
vould  scatter  light. 

One  likely  mechanism  by  which  the  recryst&lllzed  structure  could  effect 
pore  removal  is  if  all  pores  were  situated  on  grain  boundaries  after 
recrystallization,  while  before  recrystallizatloc,  they  were  far  removed 
from  the  grain  boundaries  of  the  deformed  matrix.  This,  of  course,  implies 
that  the  nucleation  could  take  place  at  pores,  as  veil  os  at  grain  boundaries, 
deformation  bands,  etc.  Although  such  an  effect  has  not  bean  observed  in 
tbs  recrystallization  of  me talc ,  there  is  abundant  evidence'*®'  that  coarse 
solid  precipitates  can  enhance  nucleation,  and  that  there  must  be  a  critical.,  . 
degree  of  dispersion  that  is  particularly  effective  in  enhancing  nucleation. '  ' 
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Figure  3-33  Poroua  Recryatallized  Area  in  Powder  Billet 
"Quenched"  after  Forging  for  1/2  Hour. 
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The  enhancement  of  nucleation  is  undoubtedly  due  to  the  local  enhancement 
of  the  dislocation  population,  and  larfc»  pores  would  have  a  similar  effect. 

A  further  effect  leading  to  possible  pore  entrapment  on 
recrystallized  grain  boundaries  is  that  originally  due  to  Zener (21).  Pores 
(or  Inclusions)  Intersecting  boundaries  exert  a  drag  on  the  boundary, 
lowering  the  boundary  mobility  and  eventually  leading  to  cessation  of 
grain  growth  (at  constant  driving  force)  at  a  critical  grain  si?«.  The 
critical  grain  diameter,  where  the  drag  balances  the  driving  force,  is 
proportional  to  r/f,  where  r  is  the  radius  of  the  pore  or  inclusic  and  f 
is  its  volume  fraction.  This  relation,  although  never  experimentally 
verified  quantitatively,  is  generally  accepted. 

One  can  picture  a  situation  such  as  shown  in  Figure  3*3^,  where 
the  nucleation  occurs  at  a  pore  and  the  boundary  remains  pinned  at  this 
pore.  If  we  assume  that  a  recrystallization  nucleus  formed  at  each  pore, 
the  fully  re  crystallized  structure  should  be  capable  of  undergoing 
extensive  further  densifl cation  and  pore  removal  by  normal  vacancy  flow 
(i.e.,  similar  to  the  final  stages  of  sintering).  Figure  3-33  may  be 
good  evidence  that  such  a  mechanism  can  occur,  as  there  is  certainly  a  nen- 
statistxcal  distribution  of  pores  on  boundaries. 

The  micrographs  shown  in  Figure  3-35  and  3-36,  taken  from  a 
forged  solid  billet,  (original ly  95 of  theoretical  density)  may  be  further 
evidence  for  such  a  mechanism.  Here,  the  single  crystal  contained  large 
amounts  of  porosity  (which  may  appear  exaggerated  in  this  photo  due  to 
etching),  while  the  are  a  showing  the  duplex  microstructure  is  dense.  The 
fine-grained  matrix  is  believed  to  be  recryatallized  fra#  extensively 
forged  material  (cf.,  the  polycryatalline  matrix  adjacent  to  the  single 
crystal!  and  the  larger  grains  in  this  region  probably  grew  by  exaggerated 
grain  growth  after  the  entrapped  porosity  uad  been  removed  from  grain 
boundaries  by  a  normal  sintering  process. 

As  porosity  interacts  with  grain  boundaries  according  to  the  Zener 
analysis,  it  is  also  possible  for  a  grain  boundary  in  the  course  of  recrystalliz 
atlon  to  drags  its  complement  of  pores  with  it,  if  the  driving  force  is 
powerful  enough  to  overcome  the  drag  due  to  the  pore.  Such  a  mechanism  might 
explain  the  porosity  at  grain  boundaries  shown  arrowed  in  Figure  3*32,  and 
also  the  aggregation  of  pores  in  boundaries  into  velds./  This  has  already 
been  observed  in  the  cause  of  fission  gas  bubbles  in  U02  ^  . 

However,  another  interpretation  of  Figure  3*32  may  be  suggested. 

It  cam  be  seen  that  moat,  if  not  all,  of  the  pores  are  on  "horizontal" 
rather  than  on  'vertical"  grain  boundaries.  The  thermal  gradient  present 
in  this  billet  wma  from  left  to  right  (the  hot  furnace  being  situated  towards 
the  right  at  the  outside  of  the  billet)  and  it  may  be  that  the  pores  are 
traveling  along  the  thermal  gradient,  ouch  pore  travel  occurs  because  when 
pores  move  in  this  way,  matter  ia  reached  free  hotter  to  cooler  regions,  thus 
minimizing  the  gradient.  This  occurs  regardless  of  the  mechanism  of  pore 
travel  (i.e.,  surface  diffusion,  evaporation-condensation,  etc.)  and  such 
pore  travel  has  also  been  observed  in  UOg'23), 
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Figure  3.35  Poroue  Single  ^rystal  In  Forged  Solid  Billet 
FA-uo  (originally  9 rT$  of  theoretical  density) 
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3*10  te^htftLoal  Properties  of  Press -Forged  Alumina 

A  preliminary  investigation  of  mechanical,  propsrtiss  of  press - 
forced  alumina,  icxw  of  which  vu  reported  la  last  year's  report,  (31 
suggested  that  these  vorked  alumina  spscimsns  vara  atroaftr  than  hot- 
pressed  aad  annaalad  specimen*  of  equivalent  density  tad  grain  site  (data 
nf  Putman,  Spriggs,  and  \  aailos  (2I*) ) .  These  data  ara  included  In 
labia  3.8,  and  It  can  alao  ba  aaan  that  apaclMna  containing  1/4*  MgO  vara 
considerably  atxcngar  than  tha  pur.  «l"«lna  specimens,  no  doubt  dua  to 
the  finer  grain  alia.  lo  adequate  control  sample •  vara  available  however, 
to  aacartaln  if  tha  relatively  high  strengths  of  tha  forged  spec! sens  vara 
dua  to  an  orientation  affect  due  to  tha  strong  basal  texture  or  vbether 
acne  other  explanation,  such  as  changes  in  grain  boundary  "character"  due 
to  tha  working,  were  tenable. 

Accordingly,  a  number  of  solid  billets,  each  containing  1/4*  MgO 
to  prevent  recry utalli ration  and  retard  grain  growth  were  forged  to  various 
height  reductions  (up  'o  50*)  at  tesperatures  of  1750-1925*0.  Standard 
bend  bars,  1.75”  x  .2"  x  .1"  were  cut  frcn  these  forged  billets  and 
tasted  (with  as -machined  surfaces)  at  various  temperatures  from  -I96  to  1550‘C. 

All  billets  which  had  been  deformed  to  a  he1  “  reduction 
greater  than  10-15*  exhibited  a  crystallographic  de formation  texture  (Sectior. 

3>5).  Microatructurml  evidence  of  this  texture  was  also  observed  in  the 
difference  of  etching  rates  an  sections  cut  parallel  and  perpendicular 
to  the  preaa-forging  direction  (far  specimens  deformed  >15*)  and  by  markad 
grain  elongation  (far  specimens  deformed  >  30*) . 

Strength  results  at  -196  and  1200 *C  (below  which  any  plastic 
deformation  occurred)  are  listed  is  Table  3.9  and  plotted  in  the  form  of 
histograms  in  Figure  3.37*  The  central  conclusion  that  stands  out  is 
that  no  loss  in  structural  integrity  occurred  due  to  the  hot  working.  The 
histograms  are  arranged  in  order  of  increasing  deforest ions  at  increasing 
working  temperatures ,  end  the  strength  values  at  -196’C,  considering  the  associated 
Matter,  wee  virtually  the  seme  for  all  groups  of  specimens.  At  1200*C, 
the  strengths  of  forged  specimens  were  slightly  below  those  of  the  as -hot 
pressed  specimens.  Severer,  the  forged  specimens  were  rtrooger  than  the  specimens 
hot-preseed  and  annealed  (without  load)  at  the  forging  temperature;  the 
latter  were  the  weakest  sped asms  tested.  Furthermore,  strengths  at  1200*C 
seamed  to  fail  off  as  the  forging  temperature  increased;  the  1750*C  specimens 
were  the  strongest.  The  strcngMt  specimen  at  -196*C  (86.4  .  ?»■'  -  FA-94)  waa 
alao  from  this  group  aad  it  may  be  concluded  that  forging  tern:  *raturae 
should  ba  kapt  as  low  as  possible  for  good  mechanical  properties.  This 
teagereture,  of  course,  must  be  consistent  with  reasonable  forging  rates. 

This  low  forging  temperature  also  has  the  advantage  of  maintaining  finer 
grain  sites  at  a  given  degree  of  crystallographic  orientation;  it  has  been 
shown  earlier  (Section  3*5)  that  tha  degree  of  texture  ie  dependent  mainly 
an  the  amount  of  forging,  but  not  on  tha  temperature  of  forging. 
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TABLE  3*3 


FRELZMmASY  KERB  SSKOIOTH  RESUITS  FOR  PRESS  FORSED 
AloCg  and  AJLpOx.f  lffi  Mg<) _ _ 


Bead  Strength 


Billet 

CcBWwnts 

Temperature 

°C 

Bend  Strength* 

_  _  Xpai . 

Reference  Value 

_.  .Kpsi  .  ... 

FA -19 

Pure  AlgQ^,  duplsx  structure 
average  grain  size  of  large 
grains  40  ",  sa&il  sprains 

5  Uj  forged  tress,  powder 

-196 

23 

29^3 

28.8 

26.3 

23  0 

26.8 

27.8 

9-7  +3 

-  1 

1200 

20.6 

20.6 

20.6 

6.1  t  1.5 

1400 

9.9 

10.0 

FA-34 

Pure  AlgO^,  mlerostructural 
texture,  grain  size  16  u  x 

38  u  forged  free  powder 

23 

58.0 

67.0 

59.9 

57.0 

54.3 

41.8 

16.2  i  5 

1300 

24.0 

28.1 

8.4  ±  1.5 
(at  1200°C) 

FA-52 

AlgOj  +  1/4#  HgO 

5  u  grain  size,  52# 

HR  at  i860 9 C 

23 

55.9 

54.2 

45.1  t  15 

1200 

41.5 

48.6 

23.3  t  5 

1300 

35.3 

tf  »■  0.025# 

*  See  next  page 

Kate:  HR  »  Height  Reduction 
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TABLE 

3*8  (caocl‘4) 

&£LUmm  BEK)  STREJfOTH  RSSUHTS  FOR  PRESS  FORGED 

AL>0^  and  A1P0,  +  1/456  KsO 

Billet  Consents 

Temperature 

°C 

Bend  Strength* 
Kpei 

FA- 52  (cont'd) 

1350 

29.0 

ef  -  0.05* 

1400 

2?.5 

<f  ■  0.1056 

1500 

20.1 

Fa"55  A^O-  +  l/k%  MgO 

9  u  grain  size, 

35 i  HR  at  1820°C 

23 

*f  *  0,5256 
48.7 

31*5 

33*5 

1300 

25*3 

cf  •  0.01* 
28.3 

*f  -  0.01356 

1400 

19.8 

*  f  *  O.OI356 
22.7 

1450 

‘f  «  0.02656 
I8.7 

if  *  0.04956 

1500 

23.0 

*f  •  0.0456 

22.3 

<f  *  0.07356 

Wien  plastic  deformation  occurred, 
at  fracture  is  also  given. 

total  strain 

Bend  Strength 
Reference  Value 

_ &£L__ 


31.2  ±  10 


16.2  ±  5 
(at  12C0°C) 
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TABLE  3*9 

TRAHSVER3E  BEHD  STRENGTHS (KPSI )  AT  -196eC  AND  I200°C 


AND  REFER® CE  CCMPARISCS  VALUES 


Billet 

Ccnmenta 

FA-61 

aa  hot  pressed 

2.1  u  G.S. 

99.8$  T.D. 

FA-85 

hot  pressed  and  annealed 
fcr  15  minutes  at 

185 0°C,  3.4  u  G.S. 

97.6$  T.D. 

FA-53A 

17.4$  HR  at  1750 °C 

3.5  u  G.S.  98.6$  T.D. 

FA-93D 

21.6$  HR  at  1750* C 

3-5  a  G.S.  98.1$  T.D. 

FA-94 

34,4-38.0$  ER  at 

1750 °C  4.5  u  G.S. 

98,8$  T.D. 

FA-81 

3. 6-5. 4$  HR  at  1850°C 

5.3  u  G.S.  99-4$  T.D. 

FA-84 

15.5-16.2$  HR  at  1350*C 
5.5  u  G.S.  99*4$  T.D. 

*  3©e  next  page 


Reference  Value 

at  25 °C 

1200°  C 

72.0* 

89.6  ±  15.0 

36.0* 

66, 5 

33.CN- 

56.7* 

42,4 

54.4# 

54. Of 
66.8 

51*7 

39*3 

53*6* 

30  4 

51.6 

18.6 

>'i  .8+ 

21.4 

5^.8 

57-5* 

58.2* 

22.9 

64.0 

60.3  ±  15*0 

34.8 

33*8 

61.6 

58.2  ±  15.0 

23.8 

56.7* 

30.8 

35*5* 

54.9 

53*2  ±  15 

37*0 

64.2 

32.6 

64.2 

31*2 

86.4* 

26.5 

41.4 

50.4  ±  15.0 

23.1 

57*3 

32.6+ 

73*2 

51*7 

31.0 

56.3 

49.4  ±  15.0 

32.6 

55*0 

56.2* 

53*8 

31.8 
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Reference  Value 
at  120C°C 

46. 0  ±  10.0 


31.0  ±  10.0 
30.2  ±  10.0 
27.5  ±  8.0 

25.9  ±  8.0 

25.4  ±  8.0 


TAELS  3.9  (cocci’ d) 

TRANSVERSE  BEST)  STRENGTHS  (XPSl)  AT  -196° C  AND  1200*C 
ARE  REFERENCE  COMPARISON  *AHJES 


Billet 

Comments 

■1?60C 

Reference  Value 
at  25c^ 

1200* C 

Reference  Value 
at  1200°C 

FA-87 

39*  HR  at  1850 aC 

10.4  u  G.S.  99*8*  T.D. 
tansile  surface  parallel 
to  pressing  direction 

25.4* 

50.3 

62.5 

56.0 

33-1  ±  '-0 

30.6 
27.9+ 
29. 0* 
26.7+ 

17.0  ±  5.0 

tensile  surface  perpendi¬ 
cular  to  pressing 
direct!  cm 

56.3 

62.6 

54.5 

55.4* 

26.2 

27. 9* 

26.4 

27.5 

FA-80 

41.5*  HR  at  1850°C 

8.3  u  G.S.  99*7*  T.D. 

58.9 

40.3  i  15 

33.2 

28.3 
33.2 

20.7  t  5-0 

FA-86 

41.5*  HR  at  1350° C 

7.3  u  G.S.  99-9*  T.D. 

67.6* 

44.7 

43.1  ±  15.0 

26.0 

20.3 

29.3 
29.0 

22.0  t  5.0 

FA-90 

ai. 1-25-0*  HR  at  1900°C 

8.7  u  G.S.  99.0*  T.D. 

6c. 6 

59-7* 

47.4 

50.3 

36.8  ±  10.0 

22.1 

28.2 

30.9* 

29.4* 

19.0  *  5-0 

FA-91 

41*  HR  at  1900*C  7.2  u 

G.S.  99.8*  T.D. 

43.3* 

55.2* 

48.6  i  15.0 

25.0+ 

25.2* 

24.9  t  6.0 

FA-92 

45*  HR  at  1900*0,  1925 °C 
6.2  u  G.S.  99-1*  T.D. 

54.9 
70.4  . 

>^5.4  t  15.0 

25.2 

25.7 

23.3  *  5.0 

» 

Fracture  under  an  inner  knife  edge 

+ 

Fracture  outside  gage  length 
supported  inside  gage  length 

-  ncte  that  higher  stress 

• 

was 

HR 

Height  reduction 

G.S. 

Average  linear  grain  Intercept 

T.D.  Theoretical  Deasitgr 
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It  was  Instructive  to  plot  the  -196°C  and  1200*C  strengths 
as  a  fun  -tion  of  grain  size,  and  this  is  shorn  in  Figures  3-38  and  3 •  39- 
Contrary  to  almost  all  previous  work  in  ceramics,  there  was  virtually 
no  strength  dependence  on  grain  size  at  -196*0  and  only  a  very  small 
dependence  at  120^°C.  The  best  comparative  data  (Passmore,  Spriggs,  and 
Vasilos'^4')  indicated  that  p  strength  decrease  of  1  5 0^  occurred  at  both 
room  temperature  and  1200 *C  when  the  grain  size  was  increaseu  from  2  to  10  u. 
This  predicted  strength  decrease  for  the  larger  grain  size  specimens  can 
be  ascertained  from  an  examination  of  Table  3*9* 

Thus,  a  comparison  of  the  forged  alumina  with  a  pressure-sintered 
alumina  specimen  at  a  grain  size  near  the  upper  limit  of  the  range 
examined  reveals  that  the  forged  specimens  are  stronger.  There  are  two 
possible  explanations  for  this  behavior;  one  based  on  orientation  effects 
and  one  on  grain  boundary  "character".  These  will  be  discussed  in  turn: 

Orientation  Effects  -  it  was  argued  in  cur  previous  work^) 
that  if  brittle  fracture  in  polycrystalline  alumina  involves  any  plastic 
deformation  in  the  initiation  or  propagation  stages,  (which  has  been 
suggested  recently,  see  References  25  and  26)  then  the  strong  baac.1  deform¬ 
ation  texture  could  profoundly  incluence  brittle  fracture  phenomena.  Specifi¬ 
cally.  it  i 8  probable  that  if  any  micro-plastic  deformation  occurred,  it 
would  occur  by  basal  slip,  (0001 )  ^ll£o)  ,  end  this  would  be  suppressed 
in  the  forged  specimens  -  the  basal  texture  would  minimize  resolved  shear 
stresses  on  the  active  slip  plane  during  transverse  bendlug.  Plastic 
deformation  leading  to  fracture  has  been  invoked  by  Carnlglia(25)  using 
the  Fetch  relationship 


^  \  *  1/2 
~  -  Oy  +  ky  ID) 

f  3 

1/2 

where  Of  is  the  average  fracture  strength,  <*  a  yield  strength,  and  ky  (D)  ' 
a  back  stress  resulting  from  the  restraint  imposed  on  the  surrounding  grain 
configuration,  to  explain  the  strength  dependence  on  grrin  size  in  relatively 
fine-grained  (  <  oO  u)  MgO  +  A120^).  More  recent  data  of  Passmore,  Spriggs, 
and  Vasilos^i)  vas  not  considered  by  Carniglia,  however,  and  these  data  obeyed 
the  Knudaen  relation,  ■  kb  (d)"  down  to  the  finrst  grain  sizes  examined 
(2  u).  In  the  latter  case,  the  I-^ow  controlling  the  fracture  process  is 
believed  to  extend  by  a  true  brittle  or  elastic  process,  rather  than  by  the 
plastic  yielding  process  implied  by  the  Petch  relationship.  The  strength 
constancy  clearly  does  not  support  the  Knudaen  relation.  If,  however,  the 
Petch  relation  (plastic  flow)  is  normally  operative,  the  grain  size 
dependency  may  t:  normalized  due  to  the  retardation  of  basal  slip.  The  alight 
groin  size  dependence  of  strength  at  1200*C  may  be  rationalized  by  noting 
that  the  orientation  is  not  perfect  and  the  critical  resolved  shear  stress 
has  without  doubt  fallen  considerably  from  its  value  at  -196*0. 
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figure  3.  3&  PLOT  Of  -196°C  STRENGTH  DATA  (TABLE  3.  9)  AS  A  FUNCTION  OF  GRAIN  SIZE 
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Fi^re  3.  39.  PLOT  OF  1200°C  STRENGTH  DATA  (TABLE  3.  91  AS  A  FUNCTION  OF  CRAIN  SIZE 


I*-,  was  mentioned  above  that  the  Griffith  'oncept  1j 
maintained  in  ail  dis  ussions  of  the  brittle  fracture  of  polycryntniline 
alumina,  but  there  la  some  uncertainty  over  the  me.-hjml  sr..  uf  attaining 
the  critical  Griffith  size.  In  the  present  oas.-,  tne  constancy  of 
strength  implies  a  constant  Griffith  flaw  size,  and  some  mechanism 
leading  tc  this  is  necessary  It  is  possible  that  the  "Griffith"  flaw 
was  introduced  during,  machining  of  the  test  bars,  rather  than  being 
associated  with  a  grain  boundary,  and  the  size  of  the  flaws  so  produced 
may  have  been  limited  to  several  microns  by  the  high  density  of  dis¬ 
locations  remaining  after  the  hot  working  (see  .  ectloc  3-u).  The  t_rlt.'  cal 
experiments  needed  to  check  the  above  hypotheses  will  be  described  in  « 
suo sequent  paragraph. 

There  are  several  other  possible  rientat.cn  effe:ts 
which  could  affect  .strength  (in  some  cases  at  lew  as  well  as  high  temp¬ 
eratures)  in  a  similar  manner  and  arguments  similar  to  the  plastic 
deformation  model  are  applicable.  These  are;  unfavorable  crystal  1 o graph! c 
orientation  of  a  clevage  plane  to  initiate  fracture,  unfavorable 
crystallographic  orientation  for  the  initiative  of  fracture  by  a  twinning 
mechanism,  and  difficulty  of  g^-ain  boundary  sliding  in  e  specimen  of 
high  mlcrostructur&l  texture.  It  is  thought  that  these  possible  orientation 
effects  would  be  difficult  to  separate  from  the  plastic  flow  model. 

Grain  Boundary  "Character"  -  It  is  possi  le  that  changes 
in  chemical  bonding,  atomic  geometry,  or  orientation,  morphology,  etc.,  of 
the  grain  boundaries  introduced  by  the  hot -work lag  could  also  have  been 
responsible  for  the  relative  strengthening  of  the  forged  material. 

However,  such  an  explanation  requires  first  of  all  a  very  different  concept 
that  that  given  above  cf  the  factors  affecting  the  strength  and  it^  variation 
with  grain  size  of  ordinary  hot -pressed  or  sintered  alumina.  Rice 
has  shown  convincingly  that  gases  entrapped  during  hot  pressing  can  have 
profound  effects  on  mechanical  properties,  even  when  densities  '99-5%  of 
theoretical  are  achieved.  Furthermore,  many  studies  of  strength-grai,. 
size  relationships  utilized  hot  pressed  samples,  where  tne  larger  grain 
sizes  were  achieved  by  annealing,  and  these  anneals  were  often  accompanied 
by  an  increase  in  pore  volume,  due  to  the  above-mentioned  entrapped  gases. 
(Such  an  effect  was  found  In  the  present  study  in  the  hot-pressed  and 
annealed  sample  FA-85.)  Thus,  while  the  decreasing  strength  may  have  been 
accompanied  by  an  increasing  grain  size,  the  actual  weakening  may  have  been 
caused  by  a  change  in  the  grain  boundary  ''character"  upon  annealing,  it 
being  as  rune  d  that  the  "character"  determines  when  a  grain  boundary  can  act 
as  a  Griffith  flaw  and  propagate  to  fracture. 

To  argue  in  a  similar  vein,  it  cannot  be  assumed  that 
strength  is  a  single-valued  function  of  grain  size  and  porosity.  .Support  for 
this  also  cents  from  comparisons  of  the  strength  of  hot-pressed  with  sintered 
AlgOo  +  1/4 i  MgO.  Up  to  the  present,  the  upper  limit  of  strength  (4-point 
bending  -  1  3/4  inch  specimen)  in  poly crystal  line  alumina  has  been  at  about 
100,000  psl,  and  this  has  been  achieved  in  cur  laboratory  00  only  the  highest 
quality,  der'»*t,  finest  grained  ( ■  1  u)  vacuum  hot-pressed  samples,  with  most 


specimens  falling  in  the  range  bO  -  100,000  psi.  However,  sintered  Lucalox 
specimens,  with  grain  sizes  at  least  one  order  of  magnitude  larger,  (12  u) 
and  with  a  very  slight  porosity,  can  have  strengths  in  this  same  range  (Section 
1)  when  tested  under  similar  conditions  of  surface  condition  and  sample  size. 
Thus,  it  is  clear  that  some  other  factor,  probably  grain  boundary  chemistry, 
is  limiting  strengths  of  hot-pressed  samples,  as  strengths  much  in  excess 
of  the  values  for  the  sintered  materials  might  be  expected  from  the 
difference  in  grain  size  available  by  hot-pressing. 

Therefore,  the  second  explanation  for  the  strength 
uniformity  envisions  that  grain  boundary  "refinement"  embodying  changes  in 
grain  boundary  "character",  are  occurring  during  the  hot  working,  and  may 
be  responsible  for  the  constancy  of  strength  with  grain  size  and  for  the 
restively  high  strengths  for  the  worked  materials. 

It  1  s  thus  implied  that  gas  removal,  grain  boundary  bonding 
etc.,  are  all  aided  by  the  applied  load  at  the  elevated  forging  temperature, 
and  this  is  further  enhanced  by  the  massive  material  transport  occurring 
during  press  forging.  This  effect  would  be  different  than  previous  work'^ 
which  shoved  strength  increases  as  a  result  of  annealing,  because  It  waa 
envisaged  that  surface  healing  occurred  during  the  annealing  and  may  have 
been  responsible  for  the  strength  response.  It  is  worth  emphasizing  that 
the  forged  specimens  were  tested  with  "as -machined"  surfaces.  It  is 
difficult  to  find  convincing  proof  that  changes  in  grain  boundary  chemistry 
may  be  occurring,  primarily  because  of  the  dearth  of  detailed  knowledge 
about  grain  boundaries  in  ceramics  or  of  experimental  techniques  leading 
to  such  knowledge.  The  results  of  specimen  FA-81,  deformed  3-6-5 - at 
1850  C,  lend  support  to  this  hypothesis,  as  the  data  are  similar  to  data 
for  more  extensively  forged  specimens,  although  such  light  deformation  does 
not  give  rise  to  any  texture. 

To  sumaarize  the  discussion  of  lev  temperature  strengths, 
two  possible  explanations  were  advanced  to  explain  the  relative  constancy 
of  strength  with  grain  sAze;  one  due  to  the  marked  basal  texture  achieved 
during  hot  working,  and  the  other  due  to  a  suggested  grain  boundary  "refine¬ 
ment"  which  can  be  achieved  during  hot  working.  Both  are  speculative;  the 
first  assumes  that  plastic  deformation  (or  one  of  several  other  orientation- 
controlled  mechanisms)  is  important  in  the  brittle  fracture  of  alumina;  the 
second  that  it  is  grain  boundary  "character",  which  cannot  be  properly 
defined,  but  which  Includes  chemistry,  bending,  morphology,  orientation,  etc., 
which  is  most  important.  However,  it  is  possible  to  design  several  experi¬ 
ments  vnlch  should  be  able  to  differentiate  between  these  two  and  this 
will  be  attempted  in  ttie  future.  If  a  highly-cr1  ented,  relatively  thick 
(after  forging)  billet  could  be  produced,  then  bend  bars  could  be  cut 
oblique  to  the  press  forging  direction  such  that  beaal  planes  are  at 
same  angle  (V -15  )  to  the  tensile  stresses  during  mechanical  testing.  Resolved 
shear  stresses  would  then  be  maximized  onto  basal  planes  and  any  strengthening 
effects  due  to  suppression  of  basal  slip  would  be  negated.  Strengths  apprec¬ 
iably  smaller  than  the  present  data  would  be  excellent  support  for  the 
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t  u  -  r.  * n'  ,  .  n  explanation,  c  jui  valent  strengths  would  support  the  grain 
roun-'j'r;  •  : inement  nyp^thcsis.*  The  second  experiment  would  test 
w.,et  r  n  t  the  driffitn  crack  length  's  jlctuted  by  the  surface 
flm  .h  ar.  ■  ii.  location  substructure,  which  was  also  suggested  to  explain 
•uie  ccn.-t  .  of  strength  with  grain  size.  A  series  of  specimens  in  the 
grain  ..it*  r  uige  2-10  u  and  with  surface  finishes  from  200  micro  inches 
*  d.[o  :  -inches  would  be  fractured  at  -lpj°Z.  If  the  strength 
i  <  or  in  v,  nstant  for  each  surface  finish  over  this  grain  size  range, 
the  driffitn  relation  would  be  tenable;  this  of  course,  would  support 
Ui-  -'>*a,n  v  randary'  refinement  hypothesis. 

Jtrengtho  were  also  determined  at  higher  'temperatures, 
ir  t  >  I'l'-oTl,  and  plus;!.-  deformation  began  to  be  appreciable  at  1300 “C 
'■I'se  data  a re  given  in  Table  3-10  plotted  as  a  function  of  temperature 
for  ••a  -h  billet  in  Figure  3-^D*  In  all  cases,  the  strength  levels  began  to 
Jrop  off  at  seme  temperature  which  appeared  to  increase  with  increasing  grain 
dee.  In  addition,  the  :  tress-strain  curves  showed  zero  load -hardening, 
which  i  similar  to  the  behavior  of  hot  pressed  or  sintered  alumina.  Tne 
date  suggested  that  the  macroscopic  deformation  may  have  been  due  to  Nabarro- 
Hercing  diffusional  creep,  the  creep  rate  being  enhanced  sufficiently  by 
t..r  relatively  fine  g.-a in  sizes  (this,  in  spite  of  the  high  dislocation 
•rn!  -nt  in  these  samples  and  the  fact  that  dislocation  slip  was  almost 
•e  tain;-  important  in  the  hot  working  (Section  3-0 )•  It  was  possible  tc 
a  ;.nle  ar.  apparent  r  If  fusion  coefficient  of  the  rate  controlling  species 
f:v.r.  the  stress-strain  curves  at  constant  strain  rate,  utilizing  the  Nabarro- 
H<  r:  iug  equation 


T  -  *  (y.l.)- 

1-3*3  j 

where  T  is  the  diffusion  coefficient,  *  the  strain  rate,  G.3.  1.3  times  the 
grain  intercept  (given  above  as  grain  size),  the  vacancy  volume,  11  the  stres 
and  k  and  T  h.  ve  their  usual  meaning,  and  these  values  are  plotted  as  a 
function  of  temperature  in  Figure  3A1,  along  with  similarly  calculate^  value? 
of  rnf  *ved  alumina  from  a  study  presently  underway  In  our  laboratory.^”' 


*  It  may  be  mentioned  that  in  one  case,  bars  were  cut  fren  a  single  billet 
so  that  the  tensile  surfaces  were  parallel  or  perpendicular  to  the  press 
f  c:  -  r.g  direction  ( FA-37)  ■  (In  either  case,  resolved  shear  stresses  on 
basal  planes  would  be  near  zero.)  No  strength  differences  were  noted,  and 
In  the  remaining  tixlets,  the  orientation  was  chosen  that  would  yield 
vhe  wreatrr  number  of  test  bars. 


TABLE  3-10 

STREHOTH  PROPERTIES  AT  1400-1550°C 


Temp 

Fracture  ''or  Maximum)  Stress 

Maximum  Plastic 

Billet 

Comments 

°C 

(Kpsl) 

Strain  (*) 

FA-61 

As  hot  pressed  - 

1400 

9-3  -  N.F. 

1.75 

2.1  u  G.S. 

l’*00 

8.1  -  N.F. 

1.72 

1450 

4.3  -  N.F. 

1.75 

I.56 

FA-85 

Hot -pressed,  and 
azxnealed-3.4  u  G.S 

.  14u0 

26.0 

0.096 

1400 

25.4 

0.37 

1450 

18.5 

1.10 

1450 

14.4  -  N.F. 

1.64 

FA-93C 

16.8JI  HR  at 

1400 

25.3 

1750  -  3*4  u  G.S. 

1400 

28.6 

FA-93® 

22*  HR  at  1750 °C 

1400 

31*25* 

0.365 

3 • 5  u  G.S. 

98.151  t.d. 

1400 

28.0  * 

0.16 

FA -94 

34.4  -  38.0*  HR 

1400 

14.6 

0.24 

at  1750' C  -  4.5  a 

11*00 

23.7 

0-35 

G.S. 

1L50 

11.8  -  N.F. 

i  53 

1450 

15.0  -  N.F. 

1.79 

FA-81 

3-6  -  5.4*  HR 
at  I850'C 

1400 

28.  7 

5*3  u  G.S. 

1400 

27.8 

- 

1450 

25.8 

- 

1500 

16.7 

1.7 

1550 

10.5 

1.7 

FA-8L 

15.5  -  16.2*  HE 

1400 

28.6* 

at  1850'c  •  5.5  u 

1400 

25.8+ 

G.S. 

1550 

6.9 

1.7 

w  3h  next  p«|t 
+ 
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TABLE  3-10  (cocci’ d) 


STREHOTH  PROPERTIES  AT  1400-1550*0 


Temp 

Fracture  (or  Maximum)  Stress 

Maximuc  Plastic 

Billet 

Coasaents 

°r» 

_  - (Kpsi) 

Strain  (*) 

FA-80 

fcO.7*  HR  at 

1400 

11.3 

1850* C  8.3  u 

1400 

11.6 

- 

G.3. 

1450 

23.1 

1450 

11.9s 

0.05 

1500 

14.5+ 

0.09 

1500 

22.1 

- 

1550 

18.7* 

0.58 

155v 

16.4+ 

0.32 

FA-90 

21-? -25.0*  HR 

1400 

22.6 

.. 

at  1900*0 

1400 

22.0 

- 

8.7  u  n.s. 

11*00 

23.1* 

- 

3  500 

18.2 

0.1 

1500 

15.7 

0.1 

1550 

10.8 

1.7 

FA -91 

1*2*  HR  at  1900°  C 

1400 

19.1* 

- 

7.2  u  G.S. 

1400 

23.2+ 

- 

1450 

21.7+ 

_ 

1450 

18.1+ 

- 

FA-92 

1*0.3*  HR  at 

1500 

U.3 

0.15 

1900-1925’C 

1500 

15.4+ 

0.19 

6.2  u,  G.S. 

1550 

14.3+ 

1.49 

1550 

J-.3  -  H.F. 

1.91 

*  Fracture  under  an  inner  knife  edge 

+  Fracture  outside  gage  length  -  note  that  higher  stress  vas  supported 
Inside  gage  length 

HR  ■  Height  reduction;  G.3.  ■  Average  linear  grain  intercept;  N.F,  not 
fractured. 


FRACTURE  OR  MAXfMUM  STRESS,  Kpsi 


1200  1300  1400  1500  1200  1300  1400  1500 

TEST  TEMPERATURE, °C 

77II23P 


Fiour.  3.40.  STRENGTH  VERSUS  TEMPERATURE  PLOTS  FOR  A  NUMBER  OF 
PRESS-FORGED  SAMPLES 
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LOG.nW  m2  /sec) 


-17 


0.42  0.46  0.50  0.54  0.58  0.62  0.66  0.70  0.74  0.78 

io3/t,*k-( 

U-lJ-lJ-jlJ L— i — I I — L__l — I - 1 - 1 — I 


!90Q  1700 


77)  MSP 


1500  !300 

TEMPERATURE, 8C 


1100 


Figur*  3.4 1.  DIFFUSION  COEFFICIENTS  CALCULATED  FROM  PLASTIC  BENDING 
EXPERIMENTS  (ASSUMING  NABARRO-HERRING  CREEP) 
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It  can  be  seen  that  these  sets  of  data  are  similar,  and  they  are  plotted 
together  with  comparative  data  from  previous  creep  work  and  self -diffusion 
data  of  A1  and  0.  The  calculated  D’s  agree  reasonably  well  with  the 
work  of  Foiveiler;  however,  the  activation  energy  is  slightly  lower  at  about 
ICC  kcal.  It  is  difficult,  however,  to  compare  these  D  values  and 
activation  energies  because  it  is  known  that  at  lease  one  other  mechanism, 
probably  grain  boundary  sliding,  parting,  or  shearing  is  occurring  and 
may  be  the  explanation  for  high  D*s.  A  detailed  discussion  of  these 
data  are  given  elsewhere '*o).  however,  the  similarity  of  the  press  forged 
data  and  unforged  data  is  perhaps  due  to  the  orientation  in  the  former, 
there  being  no  resolved  shear  stresses  on  basal  planes  and  hence,  no 
means  for  slip  to  become  more  important  than  diffusions!  creep.  However, 
to  positively  identifV  a  Nsbarro-Herring  mechanism,  it  is  necessary 
to  show  that  <T a  G.s.  and  c  a  «  .  The  small  range  of  grain  size  and 
the  inherent  scatter  makes  it  difficult  to  prove  quantitatively  the  first 
proportionality;  however,  it  is  possible  to  vary  the  strain  rate  at 
constant  temperature  and  thus  determine  if  there  is  linearity  between  O'  and 
i  .  Tests  for  unforged  alumina  indicated  a  non-linearity  which  suggested 
that  some  strain  could  be  attributed  to  a  grain  boundary  phenomenon,  as 
described  above. 
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. LL.  .Amroary  and  -Loneral  Dlscuaalon 

Press  forging  techniques  ver'*  used  to  hot  work  polycrystaj_line 
aluminun  oxide.  Both  porous  compacts,  obtt  ned  by  sintering  of  a  loose 
powder,  and  dense,  hot-pressed  or  sintered  billets  could  be  forged  and 
genera  gave  similar  results.  The  porous  billets  were  easier  to  forge 
tl.-*n  tie  fully  dense  starting  material,  while  fine-grained  dense  pieceB 
were  jciewhat  easier  to  forge  than  coarser -grained  material.  However, 
there  v  is  no  ^e&l  ductil'ty  problem  with  either  starting  material,  and 
he i, l:t.  redu-tions  up  to  7'  t  could  be  achieved  above  1750°C. 

Th-3  hot  working  induced  recrystallization  in  some  materials, 
ui'.d  this  result ’ i  in  either  single  crystals  or  equiaxed  structures 
i>i  accusing  a  basal  recrystallization  texture  (c-axis  parallel  to  press 
.'•ring  direction).  The  microstructures  obtained  after  working  depended 
on  the  Ustribution  of  shear  strain  within  the  worked  piece,  which  was 
cample;-  because  nf  the  superposed  hydrostatic  stresses.  It  was  suggested 
that  the  pores  in  the  "powder"  forgings  were  preferential  sites  for  the 
formation  of  the  strain-free  reerystallization  nuclei. 

In  other  cases,  reerystallization  did  not  occur;  rather 
mat., .  . witn  a  marked  deformation  texture  (which,  however,  was  the  same 
as  tr*  recry  .tallization  texture)  were  produced.  At  sufficiently  large 
de  ’’ennations,  material.!  with  marked  grain  elongation  normal  to  the  press- 
ir  7  Lirectlon,  i.e.,  a  ui crostructural  texutre,  were  also  observed.  The 
"strcL’.-th"  of  the  deformation  texture  depended  only  con  the  amount  of  deform¬ 
ation  and  was  mdepenr- ..  of  th.-  working  temperature.  1/4$  MgO  additions 
prover  to  be  very  efieev  /e  in  suppressing  reerystallization,  sod  allowed 
sample.  th  -  narked  d  :  -rmation  texture  to  be  fabricated  reproducibly. 

An  -eaiing  such  deformed  samples  also  led  to  reerystallization. 

I:  the  ,-e~ry3t ailized  grain  size  was  large  enough,  a  mierostructural  texlure 
vs  si  ;r.  observed.  Thus,  as  both  fine-grained  equiaxed  and  coarse-grained 
el  on  ..  a'.  i  str  u  .urea  could  be  obtained  by  reerystallization,  it  was 
su  .v  ;  rod  that  the  origin  of  the  crystallographic  reerystallization  texture 
arose  iron  or.  cited  nucleation,  while  any  mierostructural  texture  which 
accompa  i. ed  reerystallization  arose  from  preferred  growth. 

Deformation  mechanisms  during  hot  working  were  briefly  considered. 
The  ,  .  onced  basal  t  -xture  indicated  that  basal  slip  was  the  dominant  mode. 

It  vr.  ingested  that  rdaabohedral  slip  might  also  be  occurring,  which 
wo,  11  ctisfy  the  Von  Lises  criterion  of  5  Independent  slip  systems.  Rirther, 
Net  a;- ri  - Herrin  ,  diffuslonal  creep  was  also  suggested  as  important  in  providing 
a-.e  -uate  ductility. 

A  series  of  billets  containing  1/4$  MgO  were  forged  at  several 
top-r 'lures  up  to  height  reductions  of  50$  and  subsequently  used  for 
m<  ;har  ■.  properties  evaluation.  These  materials  differed  from  ordinary 
h,  .  pressed  or  sintered  alumina  in  two  important  respects;  they  contained 


large  numbers  of  dislocations  and  a  proacunced  basal  texture.  The 
Mechanical  properties  of  the  worked  Materials  were  quite  good,  strengths 
in  excess  of  80,000  pel  being  achieved  at  -196#C.  Moreover,  the 
strengths  were  relatively  insensitive  to  grain  size,  at  least  in  the 
range  3. 5-10. 5  u,  and  this  may  perhaps  be  attributed  to  a  different 
r-ch*aisa  of  fracture  nucleation.  Because  of  the  marked  basal  texture, 
the  easy  slip  plane  was  always  parallel  to  tensile  forces  during 
Mechanical  testing,  and  thus  only  snail  resolved  shear  stresses  were 
available.  The  dislocation  structure  seemed  to  have  a  minor  (if  any) 
effect  on  Mechanical  properties,  even  at  elevated  (  1500°c)  temperatures, 

and  this  was  surprising. 

The  most  important  result  of  the  Mechanical  properties  tests 
was  that  no  loss  in  structural  integrity  occurred  during  working.  Thus, 
forging  alumina  to  particular  shapes  can  be  expected  to  yield  products 
whose  mechanical  properties  are  equivalent  to  presently  available  sintered 
or  hot  pressea  articles. 

3.12  Future  Wort 

An  was  pointed  out  in  several  places  in  the  discussion,  there  are 
certain  areas  where  specific  information  la  needed  adequately  to  under¬ 
stand  the  processes  occurring  in  hot  working  and  primary  recrystallization. 
These  include: 

1.  Forging  Parameters  -  A  further  understanding  is  needed 
of  variables  that  determine  the  "ease"  of  forging  and 
the  homogeneity  of  shear  strain  within  the  billet- 

In  particular,  the  aspect  ratio  and  initial  porosity 
of  the  billet,  and  stresses  and  strain  rates 
imposed  by  the  press  are  thought  to  be  particularly 
iaportant.  In  addition,  factors  involved  in  the 
removal  of  porosity  during  forgings  of  porous 
compacts  need  further  elucidation. 

2.  Single  Crystals  -  In  (addition  to  determining  the  means 
of  obtaining  large  single  crystals  by  strain-anneal 
reproducibly,  it  is  necessary  to  determine  the 
critical  strain  needed  to  induce  recrystallization. 

It  may  be  that  traversing  specimens  deformed,  but  not 
recrystallised,  through  a  sharp  thermal  gradient 
would  be  best  for  producing  single  crystals.  Also, 
further  etch  pit  and  thin  foil  electron  microscopy 
studies  are  needed  to  understand  the  defects  which 
oay  be  present  in  such  strain-anneal  crystals. 

3.  Deformation  Texture  in  Pure  Alumina  -  A  means  to 
produce  deformed  but  not  recrystallized  specimens  of 
pure  alumina  reproducibly  is  not  now  available. 
Relatively  low  temperature  forgings  should  be 
investigated  towards  this  end. 
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4.  X-ray  Studies  -  Farther  X-ray  work  to  define  the 
basal  texture  quantitatively  and  also  to  obtain 
a  pole  figure  from  prism  plane  reflections  is 
needed. 

5.  Deformation  and  Hucleation  Mech*"*sms  -  Further 
thin  foil  electros  microscopy  studies  are  needed  to 
elucidate  deformation  mechanisms.  In  addition, 
this  should  be  coupled  with  annealing  studies  so 
that  a  good  model  of  the  nucleation  of  str-in-free 
regions  can  be  advanced.  Further,  this  may  beer 

an  the  question  of  recrystallization  texture  -  does 
it  originate  from  oriented  growth  or  from  oriented 
nucleation. 

6.  Mechanical  Properties  of  Forged  Oxides  -  In 
particular,  the  experiments  described  in  Section  3. 10 
to  differentiate  between  the  basal  texture  or  grain - 
boundary  refinement  explanations  for  the  constancy 

of  strength  with  grain  size  at  low  temperature c 
should  be  performed.  In  addition,  further  studies 
at  higher  temperatures,  where  the  orientation, 
dislocation  substructure,  and  grain  bom  'ary 
"character"  might  all  affect  plastic  properties 
would  be  useful. 

7.  Other  Materials  and  Shapes  -  Finally,  the  merit  of 
using  the  forging  process  for  other  oxides  of 
structural  interest  and  for  producing  unique  shapes 
should  be  investigated. 
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rV .  FIAME-POLIJHING  JL" ; LlE.i 

Previous  work  -  ■'  z.<  .'lame  polishing  poly  c  r  y  s  tall  ine  alumina  revealed 
that  appreciable  differences  in  grain  size  after  polishing  sometimes 
occurred.  Chemical  eumlycis  has  now  revealed  that  these  were  due  to 
differences  in  the  concentration  of  magnesia  which  was  present  as  un¬ 
intentional  impurities.  It  was  thus,  of  interest  to  attempt  to  flame- 
pclish  Lucalcx,  a  high  density  polyrystalline  alumina  containing  MgO  as 
a  deliberately-added  grain  growth  inhibitor.  Standard  procedures  for 
the  flame  nolishing  were  used'  >  ^9J.  (a  Lepel  crystal  growing  apparatus 
allowed  precise  control  of  traverse  rates  and  rotation  speeds.)  As 
previously  described, '3)  the  poxy-crystalline  specimens  were  much  more 
iiffieult  to  "polish"  than  similar  single  crystals  -  a  flame  ideal"  far 
tnc  latter  was  much  too  cool  to  achieve  any  surface  melting  or  "polishing" 
of  che  polycrystalline  specimens.  This  difference  was  believed  to  be 
associated  with  different  heat  transfer  rates,  probably  due  to  scattering 
•'rom  pores  and  grain  boundaries.  In  addition,  there  was  no  clear  visual 
indication  when  a  ^mall  molten  pool  had  been  established  on  the  surface, 
xiiich  is  believed  to  be  the  ideal  condition  for  flame  polishing.  Thus, 
it  was  very  easy  to  g  from  an  ’under-polished"  to  an  "over -poll shed" 
condition.  Nevertheless,  ten  specimens  were  polished  using  various  traverse 
speeds,  rotation  rates,  oxygen-gas  compositions,  and  flame  positions.  The 
poly  vystalline  alumina  specimens  were  prone  to  thermal  shock  using  this 
apparatus,  probably  because  the  specimen  holder  constituted  an  efficient 
thermal  sink  and  gave  rise  to  large  thermal  stres  es.  This  problem  was 
finally  overcome  by  traversing  the  specimens  upwards  rather  than  downwards 
uhroiiii  the  flame.  It  was  also  observed  that  the  yellow  color  characteristics 
ol  flame -poll shed  polycrystalline  alumina  deepened  to  a  dark  brown  on  very 
"over-polished"  (i.e,,  over-heated)  specimens.  Finally,  the  slight 
grooving  visible  on  flame  polished  specimens,  both  single  crystals  and 
polycrystais, '29,30)  could  be  eliminated  at  high  rotation  speeds;  however, 
iji.isr  these  conditions,  an  entire  traverse  of  the  flame  could  not  be  mode 
without  the  specimen  departing  from  the  shape  of  a  right  circular  cylinder, 
«e.,  appreciable  bowing  out  occurred  due  to  the  centrifugal  forces. 

Four  of  the  best  flame  polished  specimens  were  tested  along  with  an 
unpolished  control  sample  at  ••l‘*6°0.  The  re ’'ilts,  shown  In  Table  4.1,  did 
1  ot  indicate  any  strength  improvement  due  to  flame  polishing.  Microscopic 
examination  of  polished  cross  sections  cf  these  five  specimens  confirmed 
thf t  no  surface  melting  of  IfP-1  ani-2  had  occurred.  Also,  the  magnesia 
audition  in  Lurolox  was  effective  In  preventing  any  marked  grain  growth,  even 
when  the  surface  had  bee;  successfully  melted  (Figures  4.1  and  4.2). 

in  addition  to  the  cracks  due  to  thermal  stresses  and  thermal  shock, 

T a..;-  -».l  and  Figure  4.2,  a  crazed  appearance  was  occasionally  observed. 

Tins  was  believed  to  result  from  surface  tensile  stresses  set  up  during 
cooling,  due  to  the  temperature  grailient  between  the  interior  and  the 
previously  molten  surface.  It  is  pertinent  to  ask  whether  a  similar  state 
of  stress  exists  for  single  crystals.  No  crazing  has  heretofore  been 
reported  for  single  crystals,  (.3,  2 9,  30)  although  rhombohedral  deformation 
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Flame  iV.di.inod  Lu-.-alox  (LFV-  - )  .  Serving  Melted 
Kxterlor,  Dwraiu  tress  iu.iu  red  :ra:*,  nnd 
id  ttie  drain  dr.-vt  . 


twins  have  been  observed  in  single  crystals  just  above  the  molten  zone/- 
i.e.,  where  thermal  stresses  are  expected  to  be  most  severe.  The  project 
monitor,  Mr.  C.  Bersch,  has  put  forward  the  interesting  suggestion 
that  the  surfaces  of  flame -poll shed  single  crystals  may  in  fact  be  in 
compression,  due  to  the  more  efficient  cooling  that  might  occur  in  the 
surface,  and  this  could  be  a  major  factor  in  the  high  strengths  realized 
for  alugle  crystals. 

Because  of  the  inability  to  strengthen  polycrystalline  alumina  by 
flame -polishing,  no  future  work  was  atteojpted  in  this  area. 

TABLE  4.1 

STRENGTHS  OF  FLAME-POLISHED  IlJCALQX 


Test  Tetey,  Modulus  of  Rupture 


Specimens 

V 

Kpsi 

Comment 9 

L-C-l 

-196 

88.3 

Control  specimen 

LFP-1 

-196 

61.4 

Light  yellow  color*  -  "Unglazed" 
appearance 

IFF -2 

-196 

21.5 

Similar  to  LFP-1  but  looks 
better  "pclished"  but  still 
"Unglazed" . 

LFP-3 

-196 

17.6 

Light  brown  color*  -  spiral 
thermal  stress  crack  along 
length  of  specimen  -  well 
glazed  8ppearar.ce  -  "grooving" 
almost  eliminated. 

LFP-4 

-196 

18.6 

Dark  brown  color*  -  spiral  thermal 
stress  cracks-  veil  "glazed" 
appearance  -  very  prominent 
grooving 

*  Color 

restricted  to 

surface  regions 
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V.  GRAB?  GROWTH  IN  ULTRA -HICK  TTR33URE- GUTTERED  MAOJEJIUM  OXIDE 


v 


Ultra-high  pressure  sintering  n&s  been  employed (31)  our  laboratory 
to  consolidate  magnesium  oxide  to  theoretical  density  while  maintaining 
an  extremely  fine  grain  size  of  500  -  700  A”.  Optimum  fabrication 
conditions  for  producing  transparent  pieces  were  found  to  be  250,000 
pci  at  900*C  for  5-10  minutes.  As  this  grain  size  13  an  order  of 
magntlude  smaller  than  is  found  in  ceramics  produced  by  ordinary  pressure 
sintering,  it  was  of  interest  to  study  grain  growth  Kinetics. 

Specimens  for  this  study  were  obtained  from  a  sample  which  had 
laminated  into  discs,--  .050"  in  thickness,  during  cooling.  They  were 
introduced  into  heated  furnaces  for  various  times  at  temperatures  of 
1000°  to  1500°C  and  then  quenched.  Replicas  of  both  fractured  and 
ground  surfaces  were  exr  ined  in  an  electron  microscope  and  grain  sizes 
were  determined  using  an  uncorrected  circular  intercept  method. ^32;  Results 
for  toe  temperature  range  1000-12QC<>C  are  shown  in  Figure  }.l. 

These  results  were  anomalous,  in  that  the  slopes  of  the  isothermal 
linear  curves  of  log  grain  size  versus  log  time  increased  from  a  value  of 
0.13  at  1000'C  to  0.20  at  1100°C  to  0.31  at  1200°C,  all  of  which  were 
considerably  less  than  the  theoretical  value  of  O.5o(35).  Previous  results 
in  our  laboratory ' ^ '  had  shown  that  a  conventionally  hot  pressed  magnesia 
prepared  from  the  same  starting  powoer  followed  the  theoretical  t  1/2  lav 
for  normal  isothermal  giein  growth  at  temperatures  between  1300aC  and  1S006C. 
Cta  the  other  hand,  a  t^/~  lav  is  observed  in  most  poly crystalline  ceramics 
and  baa  been  ascribed  to  the  influence  of  residual  porosity; '  during 
grain  growth,  the  pores  oust  migrate  along  with  the  grain  boundaries. 

An  increase  of  slope  with  increased  temperatures  ho.3  been  noted  in 
some  metals,'^)  and  seemed  to  be  associated  with  primary  re  crystallization . 
This  was  not  thought  to  be  occurring  during  the  pi  ^ent  experiments. 

Specimens  became  opaque  upon  heating,  even  after  10  minutes  at 
1000*0,  and  this  suggested  that  submicroscopic  Impurities,  both  solid  and 
gnseous,  may  have  effectively  pinned  grain  boundaries,  .Solution  of 
impurities  is  known  to  occur  in  single  crystal  magnesia  in  this  temperature 
range  and  to  have  profound  effects  on  mechanical  properties ; (37 ;  solution 
of  impurities  as  temperature  is  increased  could  cause  the  observed  increase 
of  the  slope  of  the  isothermal  grain  growth  curves.  Further,  Rice (27/  has 
suggested  that  hydroxides  and  carbonates  would  not  be  decomposed  during 
pressure  sintering  at  such  a  low  temperature,  and  the  absorption  bands 
below  5  u  shown  in  the  IR  spectra  of  Figure  S.2  is  evidence  for  this. 

At  higher  temperatures,  grain  growth  became  very  non-uniform  and  meaning¬ 
ful  kinetics  could  not  be  obtained.  This  is  also  attributed  to  an  impurity 
factor.  At  the  highest  temperatures  employed  (1500°;),  glassy  phases  were 
found  at  grain  boundaries*  Similar  e  isolation  of  impunities 

hare  been  found  in  MgO  prepared  by  cccventicsial  pressure  sintering"  -  and 
reinforce  the  need  for  higher  purity  specimens  (see  lection  1). 
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The  lew  temperatures  at  which  grain  growth  could  be  observed  suggested 
that  it  slight  be  possible  to  observe  this  growth  directly  in  thin  foils 
in  the  electron  microscope,  using  the  hot  stage  attachment.  However,  this 
could  not  be  realised.  dr*e  to  the  marked  evaporation  that  occurred;  high 
teaqperatures  were  achieved  by  the  heating  effect  of  elect  re®  beam 

and  the  low  thermal  conductivity  of  magnesia.  Although  this  has  not  been 
reported  In  previous  electro®  microscopic  investigations  of  magnesia, (38, 39) 
the  tendency  far  magnesia  to  evaporate  in  vacuo  is  well  known; in  addition, 
this  may  have  been  enhanced  by  the*  fine  grain  size  and/or  impurities. 

However,  the  moat  interesting  aspect  of  the  electron  microscopy  was 
the  observation  of  whisker  growth  in  situ.  This  occurred  at  low  electron 
beam  currents  and  at  fairly  high  hot-stage  temperatures  1000° C) .  The 

growth  was  almost  certainly  due  to  thermal  gradients  in  the  stage  and 
probably  occurred  after  the  matrix  had  "stabilized"  due  to  grain  growth. 

Figures  5«3  and  5*^  show  the  growth  of  one  of  these  whiskers;  the  time 
difference  is  2  minutes.  The  observation  that  growth  was  from  the  tip 
(the  arrowed  steps  near  the  base  attests  to  this)  and  the  opaqueness  of 
the  tip  suggest  that  the  growth  occurred  by  the  VLS  mechanism  of  Wagner 
and  Ellis v^U*  This  again  relates  to  impurity  effects;  for  example,  a 
Ca-Si-Mg  glass  would  satisfy  *»any  of  the  requirements  of  VLS  growth. 
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66  £24 
Fljpir*  5.3 


130,000  x 

Magnesia  Whisker  Observed  Growing  in  the  Electron 
Microscope.  See  text  for  discussion  of  the  errow 
and  the  opaque  sphere  at  the  tip. 


66G26 
Figure  5.1* 


130,000 


Whisker  Growth  after  Additional  2  Minutes. 


X 
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U  abstract  A  program  to  fabricate  dense.  poly c ry •  talline  high-purity  alumina 
and  magnesia  has  begun.  Fine -particle  size  powders  of  suitable  purity  hare  been 
obtained  end  characterized.  Techniques  for  analysis  and  handling  of  these  high -purl 
powders  were  established  and  initial  fabrication  experiments  had  a  Halted  success. 

Hot  working  polycrystalline  alumina,  utilising  m  press  forging  technique,  was 
extensively  Investigated.  Primary  recryatallizaticn  followed  the  working  and  resulted 
In  either  single  crystals  (strain -anneal  technique)  or  relatively  fine-grained 
structures.  The  basal  texture  present  after  recrystallisation  was  identical,  to  the 
deformation  texture;  this  and  the  equiaxed  recrystallised  structures  suggested  that 
oriented  nucleatlon  was  important.  At  larger  grain  sites,  an  elongated  grain  struc¬ 
ture  was  observed  and  was  attributed  to  oriented  growth.  The  marked  basal  texture 
suggested  that  banal  slip  was  the  predominant  deformation  mode;  the  probability  of 
other  deformation  mschanl has  was  also  discussed. 

Addition  of  i/to»  HgO  retarded  recrystallisaticn  and  a  number  of  such  samples, 
possessing  a  pronounced  basal  deformation  texture,  ware  used  for  mechanical  proper¬ 
ties  determination.  The  working  led  to  no  less  of  structural  integrity,  and  the 
strength  was  surprisingly  constant  with  grs^n  size,  at  least  in  the  range  3. 5-10. 5 
microns.  The  larger-grained  worked  samples  were  stronger  than  hot-pressed  samples  o; ' 
equivalent  porosity  and  grain  size. 

The  high  ductility,  up  to  75 $  height  reduction  being  achieved  without  ouch  diffic¬ 
ulty,  suggested  that  hot  working  could  be  used  to  produce  s taped  bodies. 
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